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Summary 
The nitrogen-vacancy (N-V-) colour centre in diamond has potential appli-
cations in quantum information processing and single photon generation. It 
is currently the only known defect in a solid detected at a single site level 
that has a non-zero spin in the electronic ground state. For the proposed 
applications it is desirable to have a good understanding of the electronic 
structure and photodynamics of the centre, however this is currently not the 
case. Various models have been proposed to explain the fluorescence char-
acteristics observed in single site experiments. The challenge has been to 
also account for the properties of the centre well-known from observations of 
the fluorescence from large ensembles of N-v - in diamond. Firstly, that a 
non-Boltzmann population distribution between the. ground state spin levels 
is induced by optical excitation. Secondly, that the fluorescence intensity 
exhibits a strong dependence on the spin orientation. The models proposed 
to date either cannot account for these properties, or do so only by invoking 
optical processes that are arbit rary or, in some cases, not physical. 
In this thesis an alternative model is presented. The derivation of the 
model, from group theoretical considerations, does not form part of this 
thesis. This thesis is concerned primarily with a series of independent mea-
surements to determine the transition rates which govern the photodynamics 
of the centre. When these transition rates are known, there will be no free 
parameters in the model and the N-v- emission can be simulated for an 
arbitrary optical field by solving the classical rate equations. To conclude 
the first part of this thesis, a two-pulse optical excitation is considered and 
the results of experiment are compared to the predictions of the model. 
The latter part of this thesis is concerned with optically detecting single 
N-v- centres. A confocal microscope system, to enable single site detection, 
was developed as part of this work. The photon statistics from a single N-v-
centre is compared to the statistics predicted by the model. The implications 
for the modelling of individual N-v- photon statistics are discussed. 
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Chapter 1 
Introduction 
The negatively charged nitrogen-vacancy centre, N-V-, in diamond is cur-
rently the only solid state defect centre to be detected optically as a single 
site that has a non-zero electronic spin ground state [l]. This has prompted 
interest in the centre for quantum information processing applications. It 
was suggested that the electronic spin levels of the ground state might be 
used as the qubit with optical readout [2]. Coupling the nuclear spin of a 
nearby carbon or nitrogen atom to the N-V- electron spin to achieve optical 
readout of a nuclear qubit has also been proposed [3, 4]. The N-v- centre 
has also attracted attention as a potential solid state single photon source 
for quantum cryptography applications because of the excellent photosta-
bility and fluorescence yield [5, 6). Qubit operations using a single N-v-
centre have been reported in recent years [7], and promising demonstrations 
of single photon transmission in free space have also been made [8]. 
The centre is a substitutional nitrogen atom adjacent to a carbon-vacancy 
site in the diamond lattice along one of the four (111) crystallographic axes. 
In natural diamonds, the occurrence of the N-V centre in substantial concen-
trations is rare. The occurrence of single substitutional nitrogen atoms in the 
diamond lattice is less rare and about 0.1 % of all natural diamonds fall into 
this category, termed type lb. In contrast, diamonds produced artificially us-
ing the high-pressure, high-temperature technique are almost exclusively of 
this type. Vacancies can be introduced by bombarding the crystal with par-
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ticles, such as electrons or neutrons, with sufficient energy (""200keV (9, 10]) . 
Such treatment results in vacant lattice sites (vacancies) and interst itial car-
bon atoms throughout the crystal. At a temperature of 700°0, the vacancies 
can migrate through the lattice and be trapped at sites adjacent to substitu-
t ional nitrogen atoms [11]. The resulting nitrogen-vacancy complex can be 
neutral in charge, N-V0 , or can take an electron from elsewhere in the lattice 
and be negatively charged, N-V-. The foregoing description of irradiation 
of type lb diamonds followed by annealing at appropriate temperature for 
approximately one hour is the usual way that bulk samples are prepared. 
Such is the interest in the N-v- centre for quantum information applica-
tions that efforts are being made to control the spatial arrangement of single 
centres by implanting nit rogen into diamonds with little native nitrogen (type 
IIa)[12]. The single molecule aspect of the centre has also led to interest in 
nano-sized diamond crystals containing one or a few N-v- centres [6, 13]. 
The N-v- centre is easily identified in optical absorption and emission 
by zero-phonon line emission at 637nm and broad phonon-assisted peak to 
higher/ lower energy in absorption/ emission. The emission arises from a 
3E --+3 A transition with a high oscillator strength. The neutrally charged 
centre, N-V0, is similarly identifiable in optical spectroscopy by a zero phonon 
line at 575nm and associated phonon sideband arising from a 2 A--+2E tran-
sition. 
Given the interest in the centre for quantum technologies, it might be ex-
pected that the photodynamics of the centre are well understood. This is not 
the case and despite growing interest in the centre there are still significant 
gaps in our knowledge. The ability t o detect fluorescence from individual 
N-v- centres has necessitated a model of the photodynamics to fit the pho-
ton statistics observed in single site experiments. However, any such model 
must also explain the emission characteristics observed in experiments which 
involve large ensembles of centres. 
A three-level model was first introduced by Loubser and van Wyck [14] 
following the first electron spin resonance spectroscopy of N-v - in bulk di-
amond. They observed an electronic spin triplet (total spin S=l) that is 
split, by the crystal field, into a singlet and degenerate doublet separated by 
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2.88GHz at zero magnetic field. They further observed t hat optical excitation 
caused a non-Boltzmann population distribut ion in this triplet state. At the 
time, t he t riplet was assigned as a metastable state while the ground state 
and first excited state were assigned as spin singlets (8= 0) . The preferential 
population in the triplet manifold was attributed to intersystem crossing from 
the excited singlet. It was later shown that the triplet was in the ground state 
[15, 16, 17, 18] so the picture was modified to that of a spin triplet-triplet opti-
cal transition with spin singlet , or singlets, lying intermediate in energy. The 
optically induced non-Boltzmann population distribution in the ground state 
triplet remains a fact and the explanation is still that intersystem crossing 
occurs between the singlet and triplet spin states. Accompanying this opti-
cally induced spin reorientation is a change in the magnitude of the emission, 
and this change is not associated with a change in the absorption strength. 
The simplest model adopted to fit the photon statistics in single N-v-
experiments is of a three-level system with radiative decay from the excited 
state to the ground state, and a long-lived singlet state lying intermediate in 
energy [19, 20, 21, 6, 22]. \Vhile there has been a degree of success in fitting 
the photon statistics of single N-v- emission with these three-level models, 
no account of the ground state spin polarisation or associated change in 
emission can be made, as the spin levels in the ground state are necessarily 
t reated as equivalent. Furthermore, there is no direct evidence for a long 
singlet lifetime. This issue is addressed in Chapter 5 of this thesis where a 
determination of the singlet lifetime is reported. Other models of the centre 
which involve five or more levels also appear in the literature [23, 24, 25], but 
are unsatisfactory for reasons which are explained in Sect ion 2.3. 
A more appropriate five-level model is presented in Chapter 2 and is 
cent ral to the work of t his thesis. This model was developed using group 
theoretical considerations of the centre, and it can be shown that some of 
the transit ions are allowed while others are forbidden due to symmetry con-
straints. A number of parameters in the model can be determined from 
independent measurements. These measurements, made on large ensembles 
of N-v- cent res, were undertaken as part of this thesis work and are pre-
sented in Chapters 3 t o 5. After these measurements, there were no free 
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parameters left to vary, and t he model is used in Chapter 6 to simulate 
the emission response to pulsed optical excitation under various conditions. 
The simulated responses are compared to observations from a new series of 
ensemble measurements. 
The photodynamics of a single N-v- centre is of particular interest for 
the quantum information applications mentioned earlier in this introduction. 
Ensemble-based measurements, where the fluorescence from a large number 
of centres is collected, provide insight into the behaviour of the N-v - cen-
tre but cannot give a complete set of information on the behaviour of any 
individual centre in the ensemble. It is therefore desirable to study the pho-
todynamics of individual N-v- centres directly. The confocal microscope 
described in Chapter 9 was developed and built as part of this thesis to 
enable optical detection of single N-v- centres. In Chapter 10 the photon 
statist ics from single N-V- centres are compared to the predictions of the 
model presented in Chapter 2. 
Chapter 2 
Model of Electronic Structure and 
Dynamics 
2.1 Introduction 
The development of a model of the photodynamics to account for the N-v-
ensemble emission characteristics was prompted by optical spectroscopy of 
the N-v- centre undertaken within the Laser Physics Centre since 1987, and 
a subsequent interest in the applications of single N-v- centres. The model 
comes from group theory considerations. A full treatment of its derivation is 
available on the condensed matter archives (arXiv:cond-mat/0601360) and is 
reproduced in Appendix B [26]. The model has a number of parameters to 
describe the photodynamics, all of which can be determined experimentally. 
Once these parameters are known, there are no free parameters left to vary 
and the emission response under various excitation conditions can be mod-
elled by solving the classical rate equations. The aim of this chapter is to 
describe the model and how it differs from previous models that have been 
proposed. The experimental measurements necessary to determine all of the 
free parameters follow in Chapters 3 to 5. 
2.2 The Nitrogen-Vacancy Centre 
The nitrogen-vacancy centre consists of a substitutional nitrogen atom and a 
carbon-vacancy in an adjacent site of the diamond lattice, as shown in Figure 
2.1. The centre has a strong optical transition with a zero phonon line at 
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Figure 2 .1: The nitrogen-vacancy defect in the diamond lattice. 
637nm (l.945eV) and an associated vibronic band to longer wavelengths in 
emission and to shorter wavelengths in absorption. Uniaxial stress measure-
ments of the zero phonon line established that an orbital A~E transition 
at a site of trigonal symmetry gives rise to the absorption and emission (27]. 
This is consistent with a single nitrogen-vacancy complex with C3v symme-
try. The triplet nature of the ground state was established from holeburning 
[15], optically detected magnetic resonance [16], electron paramagnetic res-
onance (17], and Raman heterodyne [18] experiments. Therefore the optical 
transition is assigned as 3 A~3E. In the ground state, which lies 2.6eV be-
low the diamond conduction band (10] , the crystal field splits the triplet into 
a singlet, Ms = 0, and a doublet, Nl8 = ±1, separated by 2.88GHz .. at zero 
magnetic field (14]. 
The centre has six electrons associated with it, and a group theoretical 
treatment suggests that there may be 1 A and 1 E levels intermediate in _energy . 
to the ground and first excited state triplets (28, 29]. Optical excitation 
induces a non-Boltzmann population distribution between the ground state 
2.3 Other models 
spin levels, and this is due to intersystem crossing from the singlets to the 
triplets. Associated with the optically induced spin polarisation is a change 
in the N-v- emission intensity. With pulsed excitation the emission starts 
from some initial level and rises to a higher level as t he ground state becomes 
polarised. It should be stressed here that the change in emission level is not 
associated with a change in the absorption of the centre, as might be expected 
(see Figure 4.1). 
A satisfactory model of the electronic structure and photodynamics of 
the N-v- centre must account for the spin polarisation in the ground state 
and the associated change in emission. 
2.3 Other models 
The photon statistics of fluorescence from single N-v- centres has been mod-
elled using a three-level system of the electronic structure [21, 30, 6]. While 
satisfactory agreement with single site data has been shown under some con-
ditions, the spin levels in the ground state are necessarily treated together in 
any three-level model so the spin polarisation observed in the ground state 
triplet cannot be explained. Additionally, all of the three-level models have 
assumed a long-lived singlet state, and this is in disagreement with the singlet 
lifetime reported in Chapter 5 of t his thesis. A generic three-level system is 
depicted in Figure 2.2 and in Chapter 10 the application of such models to 
·single site data is treated in detail. 
A different research group proposed a five-level model to account for the 
single photon statistics observed in experiment [23]. The primary difference 
between their model and the one to be detailed below is that no relaxation 
from.t~e singlet to the triplet ground state is allowed in the model of [23] . In 
order to obtain agreement between experiment and theory with this model 
both the absorption and emission strengths were made strongly spin depen-
dent. It was proposed that the absorption strengths in the Ms = 0 and 
the ]\Ifs = ± 1 ground states differ by a factor of 11 while the fluorescence 
rates from the Ms = 0 and Ms = ± 1 excited states differ by a factor of 
18. The N-v- fluorescence arises from an orbital A----tE transition [14] and 
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Figure 2.2: A generic three-level model of the N-v- electronic structure. 
spin-orbit coupling in carbon is small. If spin-orbit coupling is zero then 
the transition strength is independent of spin. Allowing for small spin-orbit 
interaction would modify this slightly, but an order of magnitude difference 
is not realistic. 
This situation was corrected in a later paper by the same authors wherein 
a seven-level model was proposed [24, 25]. In contrast to the five-level model 
discussed in the preceding paragraph, this seven-level model does allow re-
laxation from the singlet to the ground state. However, the singlet lifetime 
is taken to be on the order of seconds, so this intersystem crossing cannot 
account for the spin polarisation, which occurs on a much faster timescale. 
Instead, an intensity dependent transit ion from the singlet back to the excited 
state triplet is invoked to explain spin polarisation of the ground state. Such 
a light-driven process would involve singlet and triplet levels lying higher in 
energy and, while conceivable, is unlikely since polarisation occurs at low 
excitation intensities and has been shown to be a linear with intensity (see 
Figure 5 of reference [311). It also worth noting that one of the parameters of 
this seven-level model is varied by a factor of five in order to achieve satisfac-
tory agreement between theory and experiment under different conditions, 
and this suggests that something is amiss. 
2.4 Current Model 
y' 
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Figure 2.3: Model of N-v- electronic structure and photodynamics proposed by Prof. 
Neil Manson. 
2.4 Current Model 
The model presented below was developed by Prof. Neil Manson using group 
theory considerations [26]. The development of the model was not part of this 
thesis work, but a full derivation can be found in Appendix B. In this section, 
an outline of the model is given, and the experimental measurements required 
to determine the free parameters are explained. The model is depicted in 
Figure 2.3. For clarity, the Ms= 0 and A1s = ±1 states have been displaced 
horizontally and labelled Sz and Sx,y respectively. The t ransition rates are 
denoted by kii for a transition from the state i to the state j . For simplicity, 
the Ms = 0 ground state will be referred to as z and the Ms = 0 excited 
state as z' . Similarly, the Ms = ± 1 ground and excited states will be referred 
to as x, y, x' and y' respectively. The notation xy and x'y' will be adopted 
when referring to these states collectively, because the Ms = ± 1 states are 
degenerate at zero magnetic field. 
The photodynamics scale with the radiative lifet ime, r, of the excited 
state triplet. This will not be measured independently in this thesis as several 
reliable measurements have been reported in the literature. For a nat ural 
diamond Collins et al. reported 12.9 ± 0.lns and 11.6 ± O.lns for a synthetic 
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diamond [32] while Lenef et al. reported a value of 12.96 ± 0.14ns [29]. In 
this thesis a value of T = 13ns is adopted so that the rates associated with 
the radiative decay are kx'x = ky'y = kz'z = 77x l06s-1 . The experiments 
described in the following chapters are not sensitive to transitions from x' 
to y or vice versa (dashed vertical lines in Figure 2. 3), so we can take the 
associated rate constants as zero, that is kxy' = kyx' = kx'y = ky'x = 0. 
The dashed diagonal transitions in Figure 2.3 are symmetry forbidden 
therefore the rates associated with these transitions are taken to be negligible, 
that is, kz's = ksx = ksy = 0. 
The parameters which must be determined experimentally are the relax-
ation rate from the singlet to the Ms = 0 ground state, km the rate of 
decay from the excited "A1s = ±1 states to the singlet, kx's and ky18, and 
the rates associated with a change of spin projection in the triplet manifold 
(solid diagonal lines in Figure 2.3), kz'x' kz'y, kx'z and ky'z (and with indices 
reversed). 
In Chapter 3, an experimental measure of the optically induced spin polar-
isation in the ground state is reported. In Chapter 4, the change in emission 
level associated with the spin polarisation is measured used to determine 
both the intersystem crossing rates, kx's and ky's, and the rates associated 
with spin reorientation, kzx' etcetera. The relaxation rate from the singlet to 
the Ms = 0 ground state, km is determined directly in Chapter 5 where an 
optical measurement of the singlet lifetime is reported. 
Chapter 3 
Spin Polarisation 
3.1 Introduction 
The ground state of the N-v- centre in diamond is a spin triplet (8=1) which 
is split into a singlet (8= 0) and a near-degenerate doublet (8= ±1) separated 
by 2.88GHz [14] at zero magnetic field. At room temperature, the three 
spin sub-levels are nearly equally populated however a predominant spin 
orientation is established when the sample is continuously excited anywhere 
in the N-v- absorption band. This effect, referred to as spin polarisation, 
was noted in the first electron paramagnetic resonance (EPR) study of N-v -
in diamond (14]. Despite growing interest in the centre and the importance 
of spin polarisation in optical qubit initialisation and readout proposals, the 
degree of polarisation established in the ground state has never been reported. 
The measurements reported in this chapter seek to rectify this situation, and 
the degree of polarisation measured will be used to determine the intersystem 
crossing rates for the model of Chapter 2. 
The degree of optically induced spin polarisation in the ground state can 
be measured using low temperature EPR spectroscopy with laser illumina-
tion of the sample. A non-optical technique such as EPR is appropriate since 
the effect to be quantified is strongly light dependent. First, low temperature 
EPR spectroscopy with the sample in the dark is used to unambiguously es-
tablish which of the ground state spin levels, l\118 = 0 or Ms = ± 1, is lowest in 
energy. With the ordering of the levels known, the phase of the EPR signal 
when the sample is illuminated indicates which spin level is preferent ially 
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populated. The likely ordering of the lowest-lying singlet levels of the system 
can also be commented on after determining which spin level is being popu-
lated. Finally, by comparing the magnitude of the EPR signal obtained in the 
dark, and with optical illumination, the degree of spin polarisation is quan-
tified for two samples containing relatively high N-v- concentrations. The 
degree of polarisation will be used in Chapter 4 to determine the intersystem 
crossing rates for the model of Chapter 2. 
3.2 Electron Paramagnetic Resonance 
The description of electron paramagnetic (or spin) resonance, EPR (or ESR), 
spectroscopy given here is largely conceptual. It is included so that the reader 
not familiar with EPR can assess the experimental details that follow. For a 
thorough treatment of EPR theory and experiment, the reader is referred to 
[33, 34} and the references therein. 
EPR spectroscopy is analogous to optical absorption spectroscopy in the 
microwave region of the electromagnetic spectrum. \V'hen a system with an 
unpaired electron is placed in an external magnet ic field the Zeeman effect 
lifts t he degeneracy of the spin-up and spin-down electronic levels. The 
simplest case to consider is that of a free electron, a spin one-half system 
with 9e = 2.0023, and this is depicted in Figure 3.1. 
For moderate magnetic fields (from a few hundred to a few tens of thou-
sand Gauss), the magnitude of the splitting corresponds to frequencies in the 
microwave region of the electromagnetic spectrum. If microwave radiation of 
frequency v is applied then when the magnetic field strength, H , is such that 
hv = 9ef3H (where /3 is the Bohr magneton) the electron absorbs energy and 
changes spin state. It is this absorption of energy that gives rise to the EPR 
signal. 
EPR spectra are obtained in one of two ways: the frequency of the 
microwaves is swept while the magnetic field strength is held constant, or 
microwaves of fixed frequency are applied while the magnitude of the mag-
netic field is swept. The EPR spectrometer available for these experiments 
falls in the latter category and operates at a fixed frequency, tunable from 
3.3 EPR Spectroscopy of N-v- in Diamond 
>. 
~ 
Q) 
c 
UJ 
Magnetic field strength, B 
Figure 3.1: The effect of an external magnetic field on the energy levels of a spin one 
half system, such as a free electron. 
34.5 to 35.5GHz (i.e. v = 35GHz in Figure 3.1). 
The sample is placed in a microwave cavity which is tuned to reso-
nance with the applied microwave field and the reflected microwave power 
is monitored. The magnetic field is swept and when the resonance condi-
tion (hv = 9ef3H) is satisfied, radiation is absorbed by the sample and the 
reflected power changes, giving rise to the EPR signal. As is the case for 
optical techniques, the absorption strength is proportional to the population 
difference between the two energy levels involved in the transition. In prac-
tice a second, modulated, magnetic field is applied to the sample and the 
signal recorded is the first derivative of the absorption profile. 
3.3 EPR Spectroscopy of N-v- in Diamond 
The first EPR signals from the N-v- centre were reported in 1977 by Loub-
ser and van \iVyck [14]. The spectra they observed corresponded to a spin 
one system and could only be obtained when t he sample was illuminated 
by a mercury arc source. The magnitude of the crystal field splitting was 
determined to be IDl=2.88GHz, and a gyromagnetic ratio (g value) of 2.0028 
(close to that of a free electron, 2.0023) was measured. When no EPR sig-
nals were observed without illumination of the sample the spin triplet was 
13 
14 Spin Polarisation 
thought to arise from a metastable excited state, however later holeburning 
(15), ODMR [16), and EPR [17] experiments determined conclusively that 
the spin t riplet was in fact in the ground state. While N-v- does give rise 
to EPR signals in the dark, the signals are very weak and were simply not 
observed in the early experiments. As mentioned previously (Section 3.2), 
the EPR signal strength is proportional to the population difference between 
the energy levels. The fact that EPR signals are much stronger with optical 
illumination indicates that the application of light causes an enhancement of 
the population difference between the ground state spin levels. Spin polari-
sation in the triplet state was observed at room temperature and up to 550K 
[14]. 
Another EPR paper concerning N-v- in diamond is worth noting for 
what follows. It is a study of the temperature dependence of the EPR signal 
[17]. The N-V- EPR signal was recorded, in the dark, for temperatures 
ranging between 100 and 500K, and the temperature dependence indicated 
that the ground state spin levels are thermally populated. Therefore, in the 
absence of illumination, the populations of the ground state spin levels can 
be determined using Boltzmann statistics. 
3.4 Experimental Details 
3.4.1 EPR Spectrometer 
EPR spectra were recorded on a Varian E-110 continuous wave spectrometer 
operating at rv35GHz. The electromagnet which supplies the un-modulated 
magnetic field can be rotated in the horizontal plane through 270°. For 
low temperature measurements, a low temperature cavity and Varian liquid 
helium cryostat were used. In order to obtain a stable cavity resonance at 
low temperature, the liquid helium was pumped below the .>..-point1 . The 
temperature of the sample can be inferred from the pressure of helium gas 
over the liquid. 
The quality factor of the cavity, or 'Q' ,is defined as the resonant frequency 
1The >..-point is the temperature (approximately 2.2K) at which helium undergoes a 
phase change and becomes superfluid. 
3.4 Experimental Details 
divided by the width of the resonance, or Q = Iv. At low temperature the 
loaded Q of the cavity was typically rv3000. 
Saturation of the t ransition must be considered, as for any absorption 
measurement. EPR signals of the N-v- centre are weak in the absence of 
sample illumination, and the relatively long spin-lattice relaxat ion t ime (,....., 
ms at room temperature (3, 17]) makes the EPR transitions very easily sat-
urated. When the sample is cooled the spin-lattice relaxation time becomes 
longer and saturation occurs at lower microwave power. To minimise sat-
uration effects in the experiments that follow , the lowest microwave power 
available, O.lµW incident on the cavity, was used throughout. The lowest 
modulation frequency, 35Hz, was also used. 
3.4.2 Magnetic Field Alignment 
Each N-v- centre is oriented such that its axis is parallel to one of the four 
(111) crystallographic directions. The splitting of the energy levels depends 
on the orientation of the centre with respect to the applied magnet ic field, 
therefore a maximum of eight EPR lines can be observed. This is illustrated 
in Figure 3.2, which shows an EPR spectrum recorded at room temperature 
with the magnetic field applied in a random direction. The central feature 
in the spectrum arises from single substitutional nitrogen defects (assigned 
as "Pl" in EPR spectroscopy). 
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Figure 3 .2: Room temperature EPR spectrum. The magnetic field is misaligned from 
the (lll) axis so that the maximum of 8 N-v - lines are observed. 
If the sample is oriented such that a (110) axis is perpendicular to the 
plane of rotation of the electromagnet, a (111) axis lies in this plane. The 
magnet can then be rotated such that the field is along a (111) axis. The 
orientation of the four (111) axes with respect to the (110) axis is depicted 
in Figure 3.3. 
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Figure 3.3: The four (111) crystallographic axes with respect to the (llO) axis. The 
angle e is 70.5°. If the magnetic field is aligned along the (111) axis (shown in red) then 
the three remaining axes make the same angle, e, with respect to the field. 
With this orientation the EPR spectrum consists of two pairs of lines 
displaced symmetrically about g=2.0028, as shown in Figure 3.4. One pair of 
lines corresponds to all three sub-groups of centres whose axis is not parallel 
to the magnetic field. These three orientations make the same angle to 
the applied field and so the lines are degenerate. For these centres the off-
axis magnetic field mixes the eigenstates and the population difference in the 
ground state under optical excitation will be determined by this mixing. The 
other pair of lines, which occur at the lowest/highest magnetic field strength, 
correspond to those centres whose ax'is is parallel/ antiparallel to the applied 
field. For these centres the eigenstates are unchanged by the magnetic field. 
In all of the experiments that follow, the field was aligned along a (111) 
direction and the lines corresponding to centres parallel to the field were 
used. Therefore we may use M 8 = 0 and Ji.Ifs = ± 1 in the discussion that 
follows, since the eigenstates for these centres are unchanged by the magnetic 
field. 
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Figure 3.4: EPR spectra at room temperature with some laser illumination of the sample. 
The magnetic field is aligned along a (111) crystallographic axis. 
3.4.3 Samples 
1\vo samples were used in the following experiments. The first, 'sample 31', is 
a natural type 1 b diamond that has been treated by electron irradiation and 
subsequent annealing. The second, 'sample 7', is a synthetic type lb diamond 
that has been similarly treated. In both samples the N-v- concentration is 
.-v1017cm- 3 , as estimated from the radiat ion dose [29}. 
3.4.4 Optical excitation 
A multimode optical fibre was inserted into the cavity through a pre-existing 
hole to allow laser irradiation of the sample during EPR measurements. The 
output of a tunable Coherent ring-dye laser (maximum output power lWatt) 
was coupled in to this fibre. A wavelength of 600nm, near the peak of the 
3.5 Electronic Structure and Dynamics 
N-V- absorption band2 , was used. This arrangement provided ample laser 
intensity to achieve spin polarisation. 
3.5 Electronic Structure and Dynamics 
As previously noted, optical excitation leads to a predominant spin orien-
tation in the ground state of the N-v- centre and gives rise to larger EPR 
signals. The optical pumping involves excitation of the 3 A---+3E optical 
transition at 1.945eV [15]. Polarisation of the ground state spin levels is 
attributable to intersystem crossing from the excited triplet state to singlet 
level(s) and back, preferentially, to one of the spin levels of the triplet ground 
state. Ab initio calculations of the nitrogen-vacancy complex have indicated 
that there are two singlet levels that may be involved: 1 E and 1 A [35]. 
From group theory considerations, relaxation from the 1E would give rise 
to a preferential population in the ground state doublet (Ms = ±1)) whereas 
relaxation from the 1 A would cause preferential population of the ground 
state singlet (Ms = 0). As relaxation between the singlets is expected to 
be rapid, the dominant relaxation into the ground state will be from the 
lowest lying singlet level. V./e can therefore comment on the ordering of the 
singlet levels by determining which of the spin levels in the ground state is 
preferentially populated by the optical excitation. 
The order of the ground state spin levels, which is equivalent to the sign of 
the crystal field splitting, D, depends on the details of the interaction and can 
in principle be positive or negative. However) the sign of D can be established 
experimentally using low temperature EPR spectroscopy. The three ground 
state spin levels are thermally populated in the absence of light, that is, the 
population can be calculated using the Boltzmann statistics: 
1 - E · 
Pi = - e ---fii" 
z 
where z = L e=J.t 
(3.1) 
(3.2) 
At room temperature the three spin states are almost equally populated so 
2See Figure 7.1 for the N-v- absorption profile. 
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Figure 3.5: Schematic of N-V- ground state spin levels at low temperature for (a) 
positive and (b) negative crystal field splitting. The first derivative of the EPR signal is 
indicated above the transition. 
the EPR signals are extremely weak. By cooling the sample to liquid helium 
temperature the population difference, and EPR signal intensity, is enhanced. 
The two possibilities, D positive or D negative, are depicted in Figure 3.5. 
The black circles represent the equilibrium populations of each spin level at 
a temperature of 2K and energy separation of 35GHz. EPR transitions are 
indicated by arrows: i implying absorption, and l implying emission. The 
first derivative of the EPR signal expected in each case is indicated above 
the transitions. 
At 2K the Boltzmann equations, 3.1 and 3.2, can be used to determine 
the relative magnitudes of the two EPR lines. If the splitting, D, is positive, 
then the high field EPR line should be greater in magnitude than the low 
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Figure 3.6: Low- and high-field N-v- EPR lines at low temperature with the sample in 
the dark. The high -field line is greater in magnitude, confirming that the Ms = 0 ground 
state is lowest in energy. 
field line by a factor of ""2.5. Conversely, if the splitting is negative, then t he 
low field EPR line should be ""2.7 times greater in magnitude than the high 
field line. 
At low temperature it is possible to differentiate between the two cases 
by observing t he relative magnitude of the two lines. Figure 3.6 shows the 
actual EPR signals at 2.lK with the sample in the dark. The magnetic field 
is aligned along a (111) axis and the two lines correspond to N-v- cent res 
whose axes are parallel to the field as described in 3.4.2. The high-field line 
is clearly greater in magnitude, so we conclude that the Ms= ± 1 states are 
higher in energy than the Ms = 0 state. 
Having established unambiguously that the zero-field splitting, D, is pos-
itive, the phase of the EPR signal when light is applied can be used to 
determine which ground state spin level is preferentially populated. The 
two possible situations are shown schematically in Figure 3. 7. It was noted 
in the first EPR spectroscopy of N-v- in diamond that when the sample 
was illuminated the low-field EPR line was absorptive and the high-field line 
emissive [14). This observation was confirmed independently in our own in-
vestigations. This is consistent with a preferential population in t he Ms = 0 
spin ground state. This implies that the 1 A is the lowest lying singlet level 
for reasons discussed in Section 3.5. 
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Figure 3.7: Schematic oflow temperature EPR with optical pumping to the (a) M 8 = 0 
or (b) Ms= ±1 ground states. 
3.6 Degree of Spin Polarisation 
The degree of spin polarisation can be determined by comparing the strength 
of the EPR signals with and without optical excitation. In the dark, the pop-
ulation distribution over the ground state spin levels is known from equations 
3.1 and 3.2. The magnitude of the EPR signal in the dark can then be used 
to calibrate the signal when the sample is spin polarised. 
3.6 Degree of Spin Polarisation 
3.6.1 Experimental Considerations 
The effect of optical pumping is to preferentially populate one of the ground 
state spin levels. The effect of the microwave field is to equalise the pop-
ulations of the two levels that are in resonance. The two processes are in 
opposition and the effect of the microwaves is dominant. That is, if the sam-
ple is illuminated continuously and the magnetic field is fixed at the peak of 
the EPR line, the magnitude of the signal decreases to zero on a time scale 
of seconds. For this reason, to achieve the best possible signal t o noise, the 
rate of sweeping the magnetic field was optimised to obtain the maximum 
signal height. The rate used was 400 Gauss per minute, and sweeping at a 
faster rate did not increase the magnitude of the signal. 
To ensure that the maximum degree of spin polarisation was being mea-
sured, a laser power was chosen such that the polarised EPR signal did not 
decrease in magnitude when the laser power was reduced by a factor of 10. 
The sample was illuminated for several minutes to establish t he polarisation 
and then the laser was blocked for some time r before sweeping the magnetic 
field through the transition. The delay r was varied and the resulting plot of 
signal height versus delay was used to extrapolate the signal height at zero 
time by fitting an exponential curve. 
3.6.2 Measurements 
Figures 3.8 and 3.9 show the EPR signal intensities as a function of delay 
for the two samples. The signal has been normalised to -1 in t he dark. The 
solid lines are single exponential decays of the form y = y0 + Aexp( - x/T1), 
where y0 is the magnitude of t he signal in the absence of light and A is the 
magnitude of the spin polarised signal. T1 is the time constant for the spin 
system to return to an unpolarised state and can be taken as the spin-lattice 
relaxation time. 
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Figure 3.8: Plot of EPR signal as a function of delay after switching laser off for sample 
7. The intensity has been normalised to -1 in the dark. The temperature was 2K. The 
spin-lattice relaxation time was 28s and the magnitude of the spin polarised signal was 
2.3. 
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Figure 3.9: Plot of EPR signal as a function of delay after switching laser off for sample 
31. The intensity is normalised to -1 in the dark. The temperature was 1.9K. The spin-
lattice relaxation time was 265s and the magnitude of the spin p olarised signal was 2.8. 
The assumption is made that population is lost equally from the Ms = -1 
and ll1s = + 1 states. The ratio of unpolarised to polarised signal strength 
was found to be 2.3 for one sample and 1.8 for the other. This corresponds 
to a population in the Ms = 0 state of 78% and 79% respectively. The 
largest uncertainty arises from the determination of temperature (±0.lK) 
and translates to an error of ±2%. The two samples exhibited quite different 
time constants of 265s and 28s, and this may be due to a difference in the 
native nitrogen concentrations. 
3. 7 Conclusions 
Using conventional low temperature EPR spectroscopy) the optically induced 
spin polarisation in the ground state of the N-V- centre has been considered. 
It was first shown that the sign of the zero field splitting, D, in the ground 
state t riplet must be positive. Next, it was shown that it is the Ms = 0 ground 
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spin state that is preferentially populated with optical excitation. Finally, a 
ground state polarisation of '"'"'80% was measured in two different samples. It 
is worth noting that for individual N-v- centres values of '"'"'70% and '"'"'60% 
have been reported [36, 7]. This suggests that the degree of polarisation may 
vary from site to site due to local strain conditions. 
Chapter 4 
Intersystem Crossing and Spin 
Reorientation 
4.1 Introduction 
To predict the emission characteristics of t he N-v- centre using the model 
detailed in Chapter 2, the intersystem crossing rates must be determined. 
These rates give the probability of a transition from the excited triplet man-
ifold to the intermediate singlet level. The ground state spin polarisation, 
discussed in Chapter 3, has associated with it a change in the N-v- emission 
level. The level rises to a maximum as the ground state becomes polarised. 
This change in emission level, along with the degree of polarisation deter-
mined in Chapter 3, are used in this chapter to establish the intersystem 
crossing rates. The degree of polarisation is then used to establish the rates 
for spin reorientation in the triplet manifold. 
4.2 Change in Emission Level 
As discussed in Chapter 3, continuous excitation of the N-v- centre results 
in a preferential population of the Ms = 0 ground spin state. This spin 
polarisation results in a higher emission level being observed than for an 
unpolarised sample. Again, it should be noted that this change in emission 
is not associated with a change in the absorption strength. This is illustrated 
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Figure 4.1: Response to laser pulse at 580nm. Upper t race is the normalised absorption 
at the laser frequency and lower trace is the emission detected at 700nm. 
in Figure 4.1, which shows the normalised absorption at 580nm1, which is 
close to the peak of the N-v- vibronic absorption band. The same figure 
shows the normalised emission at 700nm, close to the peak of the N-v-
vibronic emission band, with excitation at 580nm. The dashed vertical line 
on the figure at rv0.25ms indicates the time response of the system (identical 
in both cases), and the apparent rise in absorption before this point can be 
ignored. It is clear that, after this point, the absorption remains constant, 
while the emission continues to rise for rv2ms. The change in emission is the 
result of more efficient population transfer to the 1 A level from the Ms = ±1 
excited states. 
If three conditions are satisfied the change in emission can be quantified 
using pulsed excitation. Firstly, the period in the dark between laser pulses 
must be longer than the spin-lattice relaxation time, T 1, so that the sample is 
unpolarised when the light is gated on. Secondly, the laser intensity must be 
1The absorption is measured by monitoring the transmission through a sample that is 
approximately 503 absorbing. 
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Figure 4.2: Rate of spin polarisation as the laser intensity is increased from lOmW to 
lOOmW. 
sufficient to achieve spin polarisation in a t ime that is short compared to T 1, 
so that the maximum spin polarisation is achieved. Finally, the duration of 
the pulse should be long enough for the emission level to reach equilibrium. 
In the experiments reported below, the excitation wavelength was 532nm 
and the light was gated with a mechanical shutter. The rise t ime for gat-
ing the light on was rvlOOµs . The emission, taken at 90° to the excitation 
direction, was recorded using an S-20 photo-multiplier tube with a response 
time of 30ns. The sample had an N-v- concentrat ion of 1018 cm- 3 and 
was prepared by electron irradiation and annealing of a synthetic type lb 
diamond. When cooling was required, the sample was mounted in a liquid 
helium cryostat. 
The rate at which the sample becomes polarised depends on the optical 
pumping rate. Figure 4.2 shows the effect of varying the laser intensity 
over an order of magnitude. The spin-lattice relaxation time, T1 , can be 
determined from a pulsed laser experiment by varying the delay between 
pulses. If the sample is unpolarised when the light is gated on then the 
emission will init ially be at some level, A, and rise to some new level, B, as 
the sample becomes polarised. If the delay between pulses is shorter than T 1 
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F igure 4.3: The emission response when the laser is gated on after different periods in 
the dark. The two plots correspond to the same sample at two temperatures (80K and 
105K, as indicated). The numbers by each curve correspond to the time, in seconds, spent 
in the dark between each laser pulse. 
then when the light is gated on the emission will be at some intermediate level 
between A and B. Therefore, the initial emission level as a function of delay 
can be used to estimate T 1 . Figure 4.3 shows the effect of varying the delay 
between laser pulses for the same sample at BOK and 105K. The emission 
intensity has been normalised to 1 when the sample is spin polarised. The 
unpolarised and polarised emission levels, A and B respectively, are indicated 
on the figure. The ratio A/ B obtained is 0.86 ± 0.02. 
4.3 Intersystem Crossing Rates 
A simplified diagram of the model presented in Chapter 2 is shown in Figure 
4.4. The near-degenerate Ms = ±1 states have been drawn as a single level 
and the associated rate constants have been given the subscript i where 
z = x, y. As noted in Chapter 2 an excited state lifetime of 13ns is adopted 
for the following calculations so the radiative rate constants are kx'x = ky'y = 
kz'z = 77x106 s-1 . The present experiments are not sensitive to transitions 
from x' to y or y' to x, therefore the rates kx'y and ky'x were set to zero. 
To determine the rate of population being transferred to the singlet, the 
increase in emission from A to B and the degree of optically induced spin 
polarisation are used. If we assume the emission level is decreased by a 
factor a due to loss to the singlet, then the observed emission when the 
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Figure 4.4: Five-level model of N-v- with relevant optical rates indicated, i= x,y. 
sample is unpolarised (that is, when the three ground spin states are equally 
populated) will be proportional to the sum (over x, y and z) of the fraction 
of population multiplied by the emission. That is, the unpolarised emission 
level is proportional to (i x 1) + (i x 1lc:J + (i x 1LJ· If the population 
transferred to the Ms = 0 spin state is 100%, then the polarised emission will 
simply be proportional to 1 x 1. Using the ratio of unpolarised to polarised 
emission of 0.86 determined in Section 4.2 leads to the equation t(l + 1!,J 
= 0.86 and solving for o: yields 0.265 or 26.5% of the radiative decay rate. 
Since t he degree of polarisation measured in Chapter 3 was only 80%, then 
the term for polarised emission becomes (0.8 x 1) + (0.1 x 1l 0 ) + (0.1 x ilc:i:). 
The term for unpolarised emission is unchanged, and equating the ratio of 
emission to 0.86 and solving for a yields 0.395 or 39.5% of the radiative decay 
rate. Using the latter value we obtain kx's = ky's = 30.4x106 s-1• 
In accordance with the model of Chapter 2, the transition from the excited 
z state, z', to the singlet level, s, is symmetry forbidden and the associated 
rate, kz's, is therefore taken to be zero. If this rate is given a small value, t hen 
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the rate of transfer from the xy excited states to the singlet, that is kx's and 
ky's , must be made faster to achieve the 0.86 ratio of polarised to unpolarised 
emission observed in experiment. However these rates, determined above, 
are already comparable to the radiative lifetime of the excited state. This 
suggests that kz's must be small if not identical to zero since it is unlikely 
that intersystem crossing should be faster than the radiative decay. 
4.4 Spin Reorientation 
It was shown in Chapter 3 that with continuous excitation, 80% of the popu-
lation is maintained in the z ground state, and 10% in each of the xy ground 
states. This implies that the rate responsible for driving population from 
xy to z is four times the rate driving the reverse process. As already men-
tioned (Section 2.4), both the z'~s and s~xy transitions are forbidden 
by symmetry. The z'~xy and x 'y' ---)z transitions, however, are seen in all 
spectral holeburning studies of N-V- in diamond (see for example [15]). 
The rates which change the spin projection within the triplet are taken 
as equal, that is, kzx' = kzy' = kxz' = kyz' . For excitation from the xy states, 
the branching ratio for decay to the z or xy states is ""0.3 (30.4/ 30.4 + 77). 
This must balance the excitation from z and spontaneous decay to xy. The 
branching ratio for this process is then f = 0.3 x ~~. Since there are two 
channels for this decay, the branching ratio should be halved. This leads to 
f = 0.019. Substituting a radiative decay rate of 77x106 we obtain kzx' = 
kzy' = kxz' = k yz' = 1.5 x l06 s-1. 
4. 5 Conclusion 
Using the degree of optically induced spin polarisation measured in Chapter 
3, and the change in N-v- emission when the sample is polarised, the inter-
system crossing rates and rates for non-spin conserving optical transitions in 
the t riplet manifold have been determined. 
Chapter 5 
Singlet Lifetime 
5 .1 Introduction 
The second parameter required for the model in Chapter 2 is the lifetime of 
the lowest-lying singlet state. Redman et. al. [17] first suggested a long-lived 
singlet level to account for a narrow resonance observed in near degenerate 
4-wave mixing. Based on their observations, a singlet lifetime of 265ms was 
reported. They note that the narrow resonance could be attributable to 
either a long-lived spin or electronic state, however they favour the latter ex-
planation because they estimate a spin-lattice relaxation time, T1 , of "'lms 
from EPR saturation data. The narrow resonance observed could be ex-
plained by a spin-lattice relaxation time of 265ms, which is quite reasonable 
for the N-v- centre (see for example Chapter 3). The frequently adopted 
approach of using EPR saturation characteristics to determine T 1 is more 
reliable for a homogeneously broadened system than for an inhomogeneously 
broadened system1, which is the case for N-v- in diamond. A more direct 
measure of the singlet lifetime is therefore desirable. 
The presence of a long lived singlet level has also been used to account for 
the fact that emission from single N-v- centres diminished to an undetectable 
level when the sample was cooled to 80K[19, 20]. The excitation wavelength 
used was within the N-V- zero-phonon line and, if the assertion is correct 
that population shelving in the singlet level is responsible, the same loss of 
1 In a homogeneously broadened system, the optical transition frequency is the same 
for each member of the ensemble. In an inhomogeneously broadened system there is a 
distribution of t ransit ion frequencies. 
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Figure 5.1: Emission spectra, recorded with an excitation wavelength of 514nm, for 
temperatures ranging from 4K to 300K. The N-v- zero-phonon line at 637nm becomes 
more pronounced as the temperature is lowered. 
emission should be observed when exciting in the vibronic band. However, 
no such loss of emission is observed when exciting at 514nm (which is in 
the vibronic band) as the temperature is lowered to ,._,4K. Emission spectra 
recorded at temperatures ranging from 4K to 300K are shown in Figure 5.1, 
and the total emission as a function of temperature is shown in Figure 5.2. 
A plausible explanation for the loss of emission reported in [19, 20] is the 
spectral hole-burning that accompanies excitation within the zero-phonon 
line. Reorientation of the center, change of spin state, and redistribution of 
charge in the neighbourhood of the centre, are all examples of processes which 
can shift the absorption frequency of an individual centre when exciting at a 
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Figure 5.2: Total N-v - emission as a function of temperat ure. 
fixed laser frequency. T his effect is exacerbated as the temperature is lowered 
and the homogeneous line width of the zero-phonon line correspondingly 
decreases. 
The experiments presented in this chapter aim to provide a reliable mea-
sure of the lifetime of t he 1 A state using a two-pulse optical excitation cycle 
with the delay between the two pulses varied. 
5.2 Basis of Experiment 
The singlet lifetime can be obtained by measuring the emission while applying 
a two-pulse optical (non-resonant)excitation to the sample and varying the 
delay between the two pulses. Before the first pulse is incident, t he N-v-
centres in the excitation region are all in the ground state. When the first 
pulse is gated on there is no significant population in the singlet level and 
the emission observed will be at some maximum level. As the first pulse 
progresses the singlet becomes populated and the emission level decreases. 
The time delay between the first pulse being gated off and the second gated 
on will determine whether or not there is significant population in the singlet 
level at the start of the second pulse. If the second pulse is gated on within 
a few nanoseconds, then the population in the singlet will be essentially the 
same as at the end of the first pulse, therefore the emission level obtained 
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will be similar. For a delay which is long compared to the singlet lifetime, 
there will be no population stored in the singlet, and the emission will again 
be at the maximum level when the second pulse is gated on. The lifetime of 
the singlet is obtained by determining how long it takes for the second peak 
to recover to full height. 
5.3 Experimental Details 
The sample used in these experiments was a synthetic type lb diamond 
that had been irradiated with l OMeV electrons and annealed at 800°C for 
two hours to give a concentration of N-v - centres of ,...., 1018 per cubic 
centimetre[29]. The excitation was with a frequency-doubled Nd:YAG laser 
with a wavelength of 532nm. The laser was focused onto the sample with 
a 60X oil immersion objective (Olympus, N.A. 1.2). The laser power inci-
dent on the sample was 2.3m\i\T and the focused spot was 200nm in diameter. 
This gives a power density at the sample of 7x1010Wm- 2 . The emission was 
collected in a confocal arrangement with the emission spot focused onto a 
multimode optical fibre (core diameter 62.5µm) and detected by a photodi-
ode. 
The pulses were obtained by passing the continuous wave output of the 
laser through two acousto-opt ic modulators (AOM) in series. Using two 
AOMs in this fashion gave an extinction ratio for the light pulses of better 
than 105 . Each of the two pulses was ,...., lµs in duration, and the t ime between 
the arrival of each pulse pair was IOOµs. The delay between the two pulses 
was varied over the range of lOOns to l.2µs. 
5.4 Results 
Figure 5.3 shows the emission profiles as the delay was varied from lOOns 
to 1.2µs . The peak of the first pulse in each case has been normalised to 
unity. The traces are overlapped so that the progression as the delay is 
increased is clearer. The emission is at a maximum level when the first pulse 
is gated on but, in a few hundred nanoseconds, it decays to an equilibrium 
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Figure 5.3: Emission profiles as a function of delay between pulses. The first pulse in 
each case has been superimposed. 
value approximately 80% of the initial value. This decrease is attributable to 
population being transferred to the singlet level. For a lOOns delay between 
pulses the ratio of the second peak height to the first is 0.86, and this ratio 
increases to a value close to 1 as the delay is increased. Figure 5.4 shows 
the ratios of the second peak to first peak as a function of the delay between 
pulses. The solid line is a curve fit of the form 
f =Yo+ a( l - e-bx) 
The parameter of interest is b, which is the reciprocal of the time constant 
for the exponential rise. The value from the fitted curve is 0.0035ns- 1 which 
gives a t ime constant of 285ns. 
It is worth noting that the ratio in Figure 5.4 has not reached unity in 
the microsecond time scale of the experiment. There is clearly a second, 
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Figure 5.4: Ratio of second pulse height to first as a function of delay between pulses. 
slower, component to the recovery of the second peak2 . We attribute this 
slow recovery to photoionisation, which is considered in detail in Chapter 7. 
5.5 Conclusion 
Using a two pulse optical excitation the lifet ime of the lowest lying singlet 
level, 1 A, has been determined as 285ns. In relation to the model of Chapter 
2 this determines the rate ksz=3.3 x 106 s-1 . 
2The full recovery of the second peak was not obtained because a maximum pulse 
length of 2.4µs was available for these experiment. 
Chapter 6 
Modelling of Ensemble 
Fluoresce11ce 
6.1 Introduction 
The model presented in Chapter 2 can be used to simulate the behaviour of 
N-v- emission under arbitrary laser excitation conditions. In this Chapter, 
the results from two-pulse laser excitation experiments are compared to the 
predictions of the model. The effect of an external magnetic field is also 
considered. 
6.2 Rate Equations 
Using the parameters determined experimentally in this thesis, and accepting 
an excited state lifetime of 13ns, the emission for an arbitrary optical field 
and the populations can be found by solving the classical rate equations: 
(6.1) 
where ni is the population of level i (i= z, x, y, z', x', y', s) and kij is the rate 
of the i ~ j transition. With the constraint that population is conserved, 
that is I: n = 1, these equations can be solved to obtain the populations 
for arbitrary optical excitation conditions. Terms which are optically driven 
are obtained by setting kij = I x kji, where I is the strength of the optical 
pumping. When the optical pumping rate is equal to the radiative decay rate 
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from the excited state then I = 1. 
The terms which contribute to the emission are (kz'z' kx'x' ky'y), (kx'z' ky'z' 
kz'x' kz'y), (kx'y, ky'x) where the rates grouped in brackets are equal to first 
order. The first group are taken as equal since spin-orbit interaction is small 
and the transition strength of the radiative transition will be independent of 
spin state to first order. The latter two groups of terms are taken as equal 
since these transitions occur due to mixing of z and xy wavefunctions, or z' 
with x'y', and such mixing will be symmetric. 
The intersystem crossing rates are (kz's), (kx's, ky'sL (ksz), (ksx, ksy)· It 
is assumed that the singlet lies sufficiently far from the ground state that 
no thermal transfer occurs so that we may set kzs = kxs = kys = 0. In the 
original EPR work of [14] it was shown that the singlet lies 900cm- 1 below 
the excited state so no thermal transfer at room temperat ure can occur and 
we similarly set ksz' = ksx' = ksy' = 0. Spin-lattice relaxation between z and 
xy, and between z' and x 'y', is slow on the time scale of the processes to be 
considered here (milliseconds at room temperature [3, 17] and many seconds 
at low temperatures, as shown in Sections 3.6.2 and 4.2 of this thesis) and 
the associated rates (kxz , kzx etc.) in the model are therefore taken as zero. 
Since the x and y states are not distinguished in the model, but are taken as 
equivalent, then kx'y = ky'x = 0. 
The full model with the parameters to be used is depicted in Figure 6.1. 
The relevant rate constants are summarised below and referenced to the rel-
evant parts of this thesis : 
kz'z = kx'x = ky'y = 77x 106s- l [2.4) 
ksz = 3.3 x 106s-1 [5.4] 
ksx = ksy=O [2.4) 
kz's = 0 [2.4) 
kx's = ky1 8 = 30.4x 106s-1 [4.3] 
kzx' = kzy' = kxz' = kyz' = 1.5X106s- 1 (4.4] 
kx'z = ky1z = kz'x = kz'y = l.5xl06s - l [4.4) 
6.3 Spin Polarisation 
I 
x,y 
Figure 6.1: Full model with experimentally determined parameters included. Rates are 
all in units of x 106s-1. 
6.3 Spin Polarisation 
If a sample is kept in t he dark for a period t hat is long compared to the spin-
lattice relaxation time, then the system can be modelled by giving the ground 
state spin levels an equal initial population. Figure 6.2 shows the simulated 
response of the emission when a light pulse is gated on under these conditions 
for three different values of optical pumping. The value of I is given in units of 
inverse emission lifetime, ~. The emission response predicted from t he model 
is consistent wit h experimental observations, shown in Figure 6.3 (same as 
Figure 4.2). The emission is initially at some level, A, and t hen rises to some 
higher level, B, with a rate that is linear with excitation intensity. 
6.4 Two Pulse Optical Excitation 
The two pulse optical excitation experiment detailed in Chapter 5, and used 
to establish the singlet lifetime, can be simulated by calculating the emission 
for an optical field under the following series of conditions : switched on for 
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6.4 Two Pulse Optical Excitation 
lµs and held constant, switched off for lµs, and then switched on and held 
constant for lµs. For these experiments the excitation intensity is high and 
the system reaches equilibrium during the pulse. For the first pulse, transfer 
to the singlet level is faster than relaxat ion from the singlet to the ground 
state. Spin polarisation occurs well before the end of the first pulse and, as 
the lµs in the dark is much shorter than the spin-lattice relaxation time, is 
maintained over the dark period. The result is that the system starts spin 
polarised for the second pulse. For the second pulse transfer to the singlet is 
less efficient so the population in the singlet increases more slowly than for 
the first pulse. The emission behaviour for several excitation intensities is 
shown in Figure 6.4. 
The emission response obtained in experiment is shown in Figure 6.5. The 
experimental conditions were identical to those detailed in Chapter 5. The 
initial peak of each pulse is shown in more detail in Figure 6.6. The decay 
of the first pulse peak (which corresponds to the unpolarised condition) can 
be used to estimate the decay rate from the excited state to the singlet. By 
plotting the emission on a log scale (inset of Figure 6.6) a time constant of 
rv50ns is obtained. Although slightly slower, this is not inconsistent with the 
33ns derived in Section 4.3. It is not obvious in Figure 6.5 that, after the 
initial peak, the emission drops to a lower level before rising to its equilibrium 
value. This behaviour can be seen clearly when the emission in the region 
of the first peak is expanded, as in Figure 6.7. The recovery of the emission 
after the initial dip is due to population being lost from the singlet level and 
the time constant of this recovery can be used to estimate the singlet lifetime. 
Again, the 285ns lifetime measured in Chapter 5 is not inconsistent with the 
lifetime obtained from Figure 6. 7. 
When comparing the calculations with experiment two additional factors 
must be considered. Firstly, the calculation assumes an ensemble of cen-
tres with the same orientation, in which case the optical pumping rates a.re 
identical. This ideal case is not realised in the experiment where all four 
orientations of centres contribute to the emission and the optical pumping 
rate is proportional to the component of the laser electric field vector that 
is perpendicular to the axis of the centre. Also in the experiment, the laser 
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Figure 6.5: N-v- emission for two lµs pulses with a l µs delay. Excitation is at 532nm. 
intensity is not uniform over the area being excited. The centres at the pe-
riphery of the laser spot are being driven more weakly than those at the 
centre where the intensity is at a maximum. The effect is that those centres 
which are most weakly driven by the laser contribute a square wave back-
ground, as in the lowest-intensity trace of Figure 6.4, while those centres 
which are strongly driven give a peak, as in the higher-intensity traces of the 
same figure. This difference can be seen clearly when comparing Figures 6.4 
and 6.5. In the calculated response, the initial peak height is comparable 
to the steady state emission level at the highest laser intensity, while in the 
experiment, the peak height is only about one third of the steady state level. 
The second factor is that photoionisation is not accounted for in the 
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calculations of the model. When comparing Figures 6.4 and 6.5, the peak of 
the second pulse is stronger than that of the first in the calculated response 
and vice versa for the experiment. In the experiment, photoionisation reduces 
the number of N-v- centres during the first pulse. There is no recovery 
during the lµs dark period, so there are less centres contributing to the 
emission at the start of the second pulse than at the start of the first in 
the experiment. Photoionisation is considered in detail in Chapter 7, but 
t he effect can be seen even more clearly in Figure 6.8, where the excitation 
is at 590nm rather than 532nm. When these two factors are taken into 
consideration, the agreement between experiment and the calculated emission 
response is satisfactory. 
6.5 Effect of External Magnetic Field 
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Figure 6.8: N-v- emission for two lµs pulses with a lµs delay. Excitation is at 590nm. 
6. 5 Effect of External Magnetic Field 
An external magnetic field applied in a direct ion not along the trigonal axis 
will cause mixing of the spin states (14]. The ground state spin populations 
are then not associated with separate z, x and y states. This situation can 
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Figure 6.9: Emission predicted by model for a two pulse experiment (a) at zero field , 
and (b) with a magnetic field applied. The dashed lines indicate the singlet population. 
be simulated in the model by retaining equal populations in the three spin 
projections, and this is achieved by adding a rate constant to drive transitions 
between z and xy and vice versa. This is equivalent to applying a ,...._, 1 T 
field perpendicular to the axis of the centre. Figure 6.9 shows the result 
of the calculation with and without a magnetic field. With the magnetic 
field applied there is no spin polarisation and the emission response for the 
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Figure 6.10: Emission observed with and without an external magnetic field. 
two pulses is identical. The equilibrium population in the singlet level is 
higher in the case of the applied magnetic field due to continued excitation 
from the xy states and associated efficient transfer to the singlet. For this 
reason, the equilibrium value of the emission is lower when a magnetic field 
is applied. The emission response observed in experiment, with and without 
an applied magnetic field, is shown in Figure 6.10. The peak associated with 
the first pulse is similar in both cases, but the relative magnitude of the 
peak associated with the second pulse is quite different. The difference in 
peak heights between the first and second pulse, as discussed in Section 6.4, 
is believed to be due to photoionisation. If this is correct, then the smaller 
second peak in the presence of a magnetic field indicates that photoionisation 
has increased. This can be explained if photoionisation occurs from the 
excited states (excited triplet plus singlet) since the magnetic field increases 
the population in the excited states. 
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6.6 Conclusions 
We obtain good agreement between the model and experimental observation 
for a two-pulse optical excitation experiment using the parameters deter-
mined experimentally in Chapters 3 to 5. There is some deviation from the 
predicted response in the experimental data, and we attribute the difference 
to the photoionisation of some N-v - centres to N-V0 centres. This photoion-
isation is treated in detail in Chapter 7. 
Chapter 7 
Photoionisation 
7.1 Introduction 
So far this thesis has only been concerned with the negatively charged centre, 
N-V-, however a neutrally charged nitrogen-vacancy complex, N-V0, also 
exists. Multiple charge states are not unusual and is the case for several 
other vacancy-related defects in diamond including the vacancy centre [37] 
and nitrogen-vacancy-nitrogen centre [38]. For the nitrogen-vacancy centre, 
a single charge state usually dominates, but both charge states can coexist in 
a crystal [39], and this is the case for CVD diamond {40]. In CVD diamond 
optical illumination can change the charge state of some of the centres [40], 
and the creation of reasonably stable N-v0 centres through intense pulse 
excitation of single N-V- centres has also been reported [41]. A study of 
photochromism in a single N-V centre has also been reported recently [42]. 
In some vacancy-related centres in diamond, other impurities such as 
nit rogen control the charge state [11, 43], and this has been explained in 
terms of the impurities controlling the diamond Fermi level. However, if 
this was the case for the nit rogen-vacancy centre, then the two charge states 
would not co-exist therefore it is more likely that the charge state depends 
only on impurities in the vicinity of the centre [43]. 
In this chapter, it is shown that the N-v- centres in a single crystal 
diamond can be ionised with intense cont inuous-wave laser excitation. Ion-
isation of the N-v- centre by direct excitation to the diamond conduction 
band would require ultra-violet radiation and in the experiments presented 
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here the excitation energies are much lower. The wavelength and time de-
pendence of the photo-conversion are studied and two separate ionisation 
processes are identified. In one process ionisation occurs when the centre is 
directly excited to the first excited state and in the other ionisation occurs 
when the substitutional nitrogen impurities in the crystal are ionised. 
7.2 Experimental Details 
7.2.1 Samples 
Three synthetic type 1 b diamonds were used in these experiments and each 
had a single nitrogen impurity concentration of 70±20 ppm as determined by 
infra-red absorption [44). The samples were irradiated with lOMeV electrons 
and annealed at 800°C for one hour to create nitrogen-vacancy centres. The 
radiation dose was varied to give N-v- concent rations of approximately 1016, 
1017 and 1018 centres per cubic centimetre. All of the data presented in this 
chapter is from the 1017 cm-3 sample and the behaviour reported here did 
not vary significantly between the three samples studied. 
The samples were cooled to lOK in a cryostat. The behaviour of interest 
showed no significant temperature dependence, however the spectral features, 
in particular the zero-phonon lines of both centres, are sharpened by cooling. 
This is convenient for identification of the associated emission using narrow 
band filters. 
7.2.2 Excitation and Detection 
Three lasers were used for the following experiments : an Ar+ ion laser , a 
frequency-doubled Nd:YAG laser, and a tunable dye laser. The output of the 
Ar+ ion laser was reflected from a diffraction grating to separate the various 
laser emission lines and 20mW of power was available at 458, 476, 488, 496 
and 514nm. The Nd:YAG has a wavelength of 532nm and a maximum output 
power of 5W. The tunable dye laser had a typical power output of 20-lOOmW 
over the range of the dye (DCM) from 570-670nm. 
Emission spectra were obtained by dispersing the emission from the sam-
7.3 Intensity Dependence 
ple normal to the excitation beam with a monochromator and detecting with 
a photomultiplier tube with a lOOns response time. Absorption spectra were 
derived from transmission spectra that were obtained by illuminating the 
sample with white light from a tungsten bulb. The transmission was again 
passed through a monochromator and detected with a photomultiplier tube. 
Narrow-band filters were available to select the wavelength range of inter-
est. Emission from the N-V0 centre alone was isolated by detecting a narrow 
wavelength band around 575nm. Wavelengths around 800nm were selected 
to monitor the N-v- emission since the N-v 0 centre emission contributes 
little at these longer wavelengths. 
For time-dependence experiments, the continuous wave laser beam was 
gated using an acousto-optic modulator. 
7 .3 Intensity Dependence 
The absorption spectra for one sample over a wide temperature range is 
shown in Figure 7.1. The characteristic N-v- zero-phonon line is evident 
at 637nm and becomes sharper as the temperature is reduced from 290K to 
13K. There is no evidence of zero phonon line absorption from the neutral 
centre at 575nm. 
Emission spectra of the sample at !OK were recorded with an excitation 
wavelength of 532nm, which lies within the vibronic absorption band of both 
centres [27, 45]. 'With a lOmW unfocused beam, only emission associated 
with the 3 A----+3E transition of the N-V- centre is evident, namely a zero 
phonon line at 637nm and structured vibronic band at longer wavelengths. 
·when the laser is focused onto the sample with a lOcm lens, a new emission 
band with zero phonon line at 575nm appears, and this emission is charac-
teristic of the 2E -----+ 2 A transition of the N-V0 centre [45]. 
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F igure 7.1: Absorption spectra of one sample taken at various temperatures as indicated. 
The N-v- zero-phonon line at 637nm is present while the N-V0 zero-phonon line at 575nm 
is absent. 
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Figure 7.2 shows the emission spectra for one sample for laser intensities 
of lOmW, 300mvV and 3W. In all cases the beam is focused onto the sample 
with a lOcm lens to give power densities of 6x102 to 3x105Wcm- 2 . In each 
spectrum, the emission intensity has been normalised by dividing by the laser 
intensity. In the absence of saturation, if the concentration of centres remains 
fixed then the normalised emission will be the same at each intensity. Clearly 
this is not the case: the normalised N-V0 emission increases while the N-v-
emission decreases as the excitation intensity is increased. This implies that 
when the N-v- centre is excited, it must be possible for an electron to tunnel 
to an adjacent trap leaving an N-V0 centre in its ground state. Figure 7.3 
summarises the equilibrium concentrations of each centre as a function of 
laser intensity. The ratio of N-v0 to N-v- and the sum of concentrations 
has also been plotted. 
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Figure 7.3: N-v- and N-V0 concentrations as a function of excitation intensity. The 
ratio of concentrations and the sum are also shown. 
7.4 Wavelength Dependence 
An excitation spectrum is obtained by plotting the strength of the emission as 
a function of the wavelength of exciting light. To show that N-V0 is created 
as a direct result of exciting the N-V- transition, excitation spectra were 
recorded while the excitation was swept from 610 to 670nm. Emission was 
detected at 800nm for the N-v- centre and at 575nm for the N-V0 centre. 
The wavelength range for excitation falls within the vibronic absorption band 
of the N-v- centre but not the N-V0 centre. This means that, even if N-
yo is present, it will not be excited and no emission will be observed. For 
this reason, a weak excitation at 514nm (within the N-V0 absorption band) 
was applied simultaneously to monitor the N-V0 emission. No emission at 
575nm is detected with this second laser applied in isolation, confirming that 
the N-v 0 centre is not initially present. The excitation spectra shown in 
Figure 7.4 were recorded with an excitation power of 20mW and focused 
with a lOcm lens. The upper trace shows the N-v- emission at 800nm. 
7.4 Wavelength Dependence 
~ 
"' c: Q) 
.... 
c: 
·-c: 
0 
"' 
"' ·-E 
w 
2.5 
2.0 
1.5 
1.0 
0.5 
0.0 
610 620 630 
Emission at 800nm 
Emission at 575nm 
using co-excitation 
at 514nm 
640 650 660 
Red laser wavelength (nm) 
Figure 7.4: Excitation spectra for the two centres as the laser is swept through the N-v-
zero phonon line. 
Emission is obtained whenever the laser light is absorbed and the spectrum is 
proportional to the absorption. Not surprisingly then, the spectrum obtained 
over this wavelength range resembles the absorption of the N-V- centre in 
this region with zero phonon line prominent at 637nm. The lower trace shows 
the N-V0 emission at 575nm, and clearly the emission from this centre also 
varies as the N-v- absorption. The laser intensity used here is low compared 
to the last section, and the one to one correlation between the two excitation 
spectra indicates a linear process at this intensity. 
For excitation wavelengths lying in the absorption bands of both centres, 
that is wavelengths shorter than 575nm, the experimental situation is sim-
plified and a single beam for excitation can be used. Since no tunable laser 
was available at appropriate wavelengths, measurements were made at five 
fixed wavelengths from an Ar+ laser. At each wavelength the power was 
adjusted to 20mW and focused with a lOcm lens onto the sample. Figure 
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7.5 shows the emission profile for excitation at the five wavelengths. At each 
wavelength the efficiency of exciting the two centres needs to be considered. 
The efficiency can be estimated by considering the optical absorption spec-
tra of each centre. The figure indicates the efficiency of exciting the different 
centres for each wavelength using the absorption data of reference [27) and 
[45). 
Again, taking into account the relative efficiency of exciting the two cen-
tres at each wavelength, the concentrations of each centre (determined by 
integrating over the spectrum) as a function of excitation wavelength are 
plotted in Figure 7.6. Note that in the figure the concentrations for each 
centre have been scaled independently to give the same concentration at 
514nm. 
The concentration of N-v- varies little over this wavelength range, but 
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the concentration of N-yo centres created reaches a minimum around 490nm 
before increasing again at shorter wavelengths. So far it has been shown 
that the N-Y- centre is ionised by optical illumination to create the N-Y0 
centre. This ionisation is nearly linearly dependent on the excitation of the 
N-Y- centre for low intensities over the range of 500 to 640nm. As the N-Y-
absorption decreases below 520nm there is a corresponding decrease in pho-
toionisation. The increase in photoconversion below 490nm is attributable 
to a second mechanism, ionisation of nitrogen defects in the crystal, and this 
is discussed further below. 
The concentration of singly substitutional nitrogen N° influences the 
charge state of the N-Y centre [39, 43]. A vacancy-related centre can be-
come negatively charged by the transfer of an electron from a N° centre, a 
donor. Therefore, a high nitrogen content favours the negative charge state 
for vacancy related centres and this is found to be the case for the single 
vacancy centre [37] and the nitrogen-pair-vacancy centre [38]. The results 
presented here indicate that this is also the case for the N-Y centre. While 
the nitrogen concentration cannot be changed, the fraction in the N° charge 
state is reduced by optical illumination at the appropriate wavelength. The 
N° centre has an absorption transition to the diamond conduction band and 
this occurs for wavelengths shorter than 490nm. This explains the increase in 
N-yo concentration from 490 to 460nm as the strength of the N° absorption 
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Figure 7 .7: Time response of emission from N-v- (left) and N-V0 (right ). 
increases over this range. The ionisation of N° centres is discussed further in 
section 7.6. 
7.5 Time Dependence 
The time dependence of the emission was investigated by gating the 532nm 
laser with an acousto-optic modulator. Again the emission from each cent re 
was monitored independently at 575nm and 800nm using narrow band filters. 
Figure 7.7 shows the N-v - and N-V0 emission over several hundred mil-
liseconds after the light is gated on. At low intensit ies the N-v- emission 
shows a small rise after the light is gated on and this is due to the spin 
polarisation discussed in Chapter 3. At high intensit ies there is a drop in N-
y - emission and a corresponding increase in N-V0 emission. Since the N-y o 
emission is small at zero time (the leading edge of the pulse establishes a small 
population of N-V0), the emission response can be seen more clearly than for 
the N-v - emission where there is a relatively small rise superimposed on a 
very large signal. The t ime response of the N-V0 emission when the light is 
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gated on is shown in Figure 7.8 for time scales varying from microseconds to 
tens of milliseconds. This highlights the non-exponential component of the 
rise in emission. The exciting laser may contribute to this non-exponential 
behaviour by driving the N-V0 optical transition and introducing additional 
processes such as a two-photon process. Monitoring the relaxation of the 
N-V0 concentration when the laser is gated off avoids such additional pro-
cesses. In Figure 7.9, the laser has been switched to a low level. The level 
is strong enough to allow detection of the 575nm emission but too weak to 
create significant N-V0 concentration. 
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The same non-exponential behaviour is evident in relaxation, confirming 
that the photoconversion process is not complicated by driving the N-V0 
optical transition. Figure 7.10 shows the N-v- emission when the laser 
intensity is dropped to a low level. A 100 x zoom has been applied in the 
lower trace. This was done to show more clearly that the N-V- emission 
first drops to a low level, due to the drop in excitation intensity, and then 
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recovers due to an increase in the N-v- concentration. 
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7.6 Conclusions 
It has been shown that , with laser excitation, a fraction of N-v - centres in 
a crystal are converted to N-v 0 . Two separate processes for the photo con-
version are evident. It is clear that straightforward ionisation of the N-v-
centre can occur. The N-v- absorption band begins at rv640nm, and no 
photoconversion results when the exciting laser wavelength exceeds 640nm 
(see Figure 7.4). For low intensity excitation, the photoconversion is linearly 
dependent on excitation of the N-V- centre as evidenced by the one to one 
correspondence in Figure 7.4. We conclude that this ionisat ion results from 
excitation of the N-v- centre to the 3E excited state . As the strength ofN-v-
absorption decreases over the range 520nm-490nm there is a corresponding 
decrease in the N-V0 concentration (see Figure 7.6). The direct ionisation 
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Figure 7.11: Direct ionisation of the N-v- centre. The liberated electron is trapped by 
a nearby N+ centre. 
diamond conduction 
band 
Figure 7 .12: With a high N° concentration, the preferred charge state of N-V is negative. 
A reduction of the N° concentration through ionisation with blue light shifts the preferred 
charge state to neutral. 
process is depicted in Figure 7.11. At wavelengths shorter than 490nm the 
photoconversion increases due to ionisation of singly substitutional nitrogen, 
N°, in the cryst al. When the N° concentration in a crystal is high the pre-
ferred charge state of N-V is negative. This is because N° is an electron 
donor. The effective concentration of N° is diminished when this centre is 
ionised by blue excitation and a corresponding increase in the N-V0 concen-
t ration results. The photoconversion of N-v- to N-v0 due to ionisation of 
N° is depicted in Figure 7.12. So far the discussion has been in terms of the 
N° concentration of the entire crystal, but it has been argued [43] that the 
67 
68 Photo ionisation 
local N° concent ration is more relevant. Therefore, the ionisation observed 
with blue light has implications for the nature of the N-v- centre. The N-
y- centre obtains its electron through tunnelling from a nearby N° centre, 
and this raises the question of whether a stable N-v - centre can exist in the 
presence of a single nitrogen impurity. If that were the case, then the stable 
centre is essentially an N-v-/ N+ pair which should have no absorption in 
the blue spectral region. This is not what is observed so it seems more likely 
t hat a stable N-v - centre involves multiple nitrogen centres and ionisation 
of a fraction of these shifts the preferred charge state to N-V0 . 
The non-exponential time dependence of t he photoconversion due to di-
rect ionisation of N-v- (see Figures 7.8 and 7.9) indicates that t he process 
occurs over many time scales. The time constants arise from the electron 
tunnelling between the N-V centre and a nearby nitrogen atom, and a single 
time constant would be evident if this occurred between N-V centres and 
nitrogen centres at a fixed distance. So it follows that t here are two possible 
explanations for the absence of a single time constant describing this pro-
cess. Firstly, it might be that for each N-V- centre, the electron can tunnel 
to various traps at different distances. Secondly, it might be that for each 
N-v- centre, only one nitrogen is involved but that the distance to this trap 
varies from centre to centre. A study of this photoconversion process with 
crystals of varying nitrogen content would help to clarify the issue. 
The photostability of the N-V- centre is clearly an issue of great signifi-
cance for applications such as single photon generation and quantum infor-
mation processing. The results presented in this chapter have been given 
due interpretation, while more speculative interpretation has been deliber-
ately avoided. For a more speculative discussion, the reader is referred to 
reference [46]. From the results presented in this chapter, the main conclu-
sion to be drawn is that further investigations of photoionisation are required 
before a satisfactory understanding of the processes involved can be reached. 
Chapter 8 
Conclusions of Ensemble Studies 
A better understanding of the photodynamics of the N-v- centre is desirable 
for two reasons. Firstly, to optimise protocols for single photon generation 
and quantum computing applications. Secondly, to identify those centres 
with properties that are suitable for quantum information processing appli-
cations if site to site variation exists. The models proposed to date, while 
accounting for the photon statistics obtained in single site experiments, do 
not give a satisfactory account of the spin polarisation and associated change 
in emission level observed in ensemble studies. 
In the preceding Chapters, a model was introduced, which was based on 
group theory and symmetry considerations. All of the necessary parameters 
in this model can be obtained from experiment, and this was achieved in 
Chapters 3 to 5. Using these parameters, the emission response observed in 
pulsed excitation experiments, and the emission response predicted by the 
model, are in satisfactory agreement when allowance is made for photoioni-
sation. The issue of photoionisation, treated in Chapter 7, is relevant to the 
proposed applications of the N-v- centre both for quantum computing and 
single photon generation. Two processes by which the N-v- centre can be 
photoconverted to the neutrally charged centre were identified. 
Chapter 9 
Single N-v- Detection 
9.1 Introduction 
Up to this point in this thesis, only the average properties of a large number 
of N-V- centres that have been measured. The remainder of the thesis will be 
concerned with the photodynamics of individual N-V- centres in diamond. 
For this purpose a confocal microscope was developed and built to detect 
single centres. The confocal system is described in this chapter. The photon 
statistics from a single site will be presented in Chapter 10 and compared to 
the statistics predicted by the model of Chapter 2. 
9.2 Background 
The detection of individual nitrogen-vacancy centres in diamond was first 
reported in 1997 [1]. In the intervening time, several other research groups 
have studied individual N-V centres. In all previous work the same technique 
was used, namely confocal fluorescence microscopy. This technique relies on 
tight ly focusing a laser beam such that only one emitter is in the excitation 
volume, and on good background rejection, to ensure that light emitted from 
the centre of interest is visible above both stray laser light and emission from 
outside the volume of interest. This is achieved by using a high-powered 
microscope objective to focus the exciting laser and collect the emission. 
A confocal pinhole in front of the detector assists in rejecting out-of-focus 
emission. 
9.3 Confocal Microscope 
Laser---+ 
Detector 
Pinhole 
Dichroic 
Mirror 
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Figure 9.1: Schematic showing how a confocal pinhole rejects out-of-focus emission. 
9.3 Confocal Microscope 
9.3.1 Confocal Principle 
A confocal microscope achieves better resolution than a standard optical mi-
croscope by the placement of an aperture positioned in front of the detector. 
The explanation for the rejection of out-of-focus emission is best described 
with the aid of Figure 9.1. The incident laser light is reflected onto the mi-
croscope objective via a dichroic mirror (or beam splitter) and focused to a 
diffraction limited spot inside the sample. The excited emission, of longer 
wavelength, is collected by the same microscope objective and passes through 
the dichroic mirror and other filters to reject stray laser light. A pinhole is 
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positioned such that only light from the focal plane passes, and is incident 
on a single-photon detector (usually an avalanche photodiode) . This is the 
situation pictured in Figure 9.1. However, an infinity corrected microscope 
objective is commonly used. In this case, the collected emission is collimated 
by the objective, and a second lens focuses the emission onto t he pinhole. 
9.3.2 Mechanical 
The entire confocal microscope developed for this thesis is built using a rod 
and cage system from Thorlabs. It is arranged in an upright way such that 
the sample lies in the horizontal plane and laser excitation is in the vert ical 
plane. The system is shown in Figure 9.2. 
A vertical configuration was chosen because this system is a prototype 
for a cryogenic system that is under development . A second system, almost 
identical to this, is being made to fit in the bore of a cryostat so that confocal 
microscopy at liquid helium temperatures will be possible. The piezo stage 
described below is designed to operate at liquid helium temperatures, and 
a microscope objective which can be immersed in liquid helium has been 
acquired. As discussed in Section 7.2.1, cooling of the sample is convenient 
for spectroscopy because the spectral lines are narrow. 
9.3.3 Illumination 
Laser illumination is delivered to the sample by single mode optical fibre with 
FC connectors. There are two separate paths by which laser light can enter 
the microscope and these paths intersect at a beamsplitter (as indicated on 
Figure 9.2). This fibre arrangement allows the excitation wavelength to be 
changed with minimal effort by simply coupling the desired laser into a single 
mode fibre. However, for all of the measurements reported in this thesis a 
frequency doubled Nd-YAG laser (wavelength 532nm) was used. Short pass 
filters were used to suppress any long wavelength emission from the laser. 
The reason for the alternate illumination paths is explained below. 
In one path the fibre is at tached to the microscope via an FC collimator 
(Thorlabs). The collimated beam is then reflected onto the microscope ob-
9.3 Confocal Microscope 
Figure 9 .2: The room temperature confocal microscope system developed to detect single 
N-v- emission. 
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jective by a dichroic mirror and is focused by the objective to a diffraction 
limited spot. In the other path, no collimator is used. Instead the direct, 
diverging, output from the fibre passes through a lens whose focal length is 
such that, after reflection from the dichroic mirror, the light is focused at the 
entrance of the microscope objective. Rather than being focused tightly by 
the objective, a large area (around 50µm diameter) of the sample is illumi-
nated. 
9.3.4 Detection 
There are two separate detection paths corresponding to the two modes of 
illumination. A mirror can be flipped in or out to direct the emission to one of 
these paths. With the mirror in, at 45 degrees, light is directed onto a second 
mirror, at 45 degrees, and onto the end of a multimode fibre. The multimode 
fibre, core diameter 62.5µm, acts as the confocal aperture. Emission can then 
be detected with a fibre-coupled silicon avalanche photodiode (Perkin-Elmer 
SPCM-AQR-14). The output from the photodiode is connected to a photon 
counting module (Stanford Research Systems SR400) that can be read by 
computer software. For antibunching measurements (see Chapter 10) a 50-
50 multimode fibre splitter, the equivalent of a beamsplitter, is employed and 
the emission is directed equally onto two detectors. 
When the mirror is moved out, light travels directly upwards to a cooled 
CCD camera (Starlight Express SXV-9). A 20cm focal length lens is placed 
before the flip-in mirror and both the CCD camera and confocal fibre are 
positioned in the focal plane of this lens. Filters to block stray laser light are 
employed in both detection paths. 
The CCD camera has 1392x1040 pixels and images a 84 x 62µm area of 
the sample when a 100 x oil immersion objective is used. The CCD camera is 
useful for coarse positioning of the sample, for example, to locate the edge or 
corner of a crystal. An example is shown in Figure 9.3. The addition of the 
CCD camera also allows the focused laser beam diameter to be determined 
easily. An image of the focused laser spot is shown in Figure 9.4. The 
diameter of the spot is rv4 pixels, which corresponds to rv240nm. 
9.3 Confocal Microscope 
Figure 9.3: Corner of a diamond imaged with broad illumination of the sample. 
9 .3.5 Sample Stage 
The sample is mounted on a piezo-driven x-y-z stage (Attocube Systems) 
which is attached to the cage system via an optical mount to allow tilt con-
trol. The travel mechanism of the stage is a piezo inertial drive that allows 
7.5mm of travel in the x- or y-direction and 6mm of travel in the z-direction 
(vertical). Step sizes from 50nm to lµm can be achieved at room tempera-
ture, while at 4K the step size is reduced by a factor of 10. Voltages to drive 
the stage can be applied manually or with custom written computer software. 
The software allows arbitrary movement of the stage along all three axes and 
raster scanning of the sample in the x-y plane. 
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Figure 9.4: Focused laser spot. 
9.3.6 Position Sensor 
A quadrant diode is attached to the side of the scanning stage. The colli-
mated output of a second laser is incident on the diode, and the motion of 
the diode with respect to the fixed laser in two dimensions can be calculated 
from the voltage outputs of the four quadrants. The position sensor is not 
used to give active feedback on position. Instead, before commencing a scan 
the position sensor beam is centred on the quadrant diode by manually ad-
justing the x-y stage on which it is mounted. After each line of a scan, the 
sample stage returns to this zero position before stepping to the next line. 
This adequately compensates for the drift and asymmetry in the motion of 
the sample stage and a more complicated active feedback set-up was deemed 
9.4 Detector Cross-talk 
unnecessary. 
9.3. 7 Software 
The experiment can be controlled by a computer program that was written 
(in Visual Basic) and developed, by the author of this thesis, concurrently 
with the mechanical system. The program allows cont rol of the piezo-stage 
for raster scanning and arbitrary motion to position the sample. When per-
forming a raster scan the software reads the photon count er at each point and 
produces a false colour image of the area being scanned. Feedback from the 
quadrant diode is used to compensate for any asymmetry in the piezo-stage 
motion. 
9.3.8 Spectral Analysis 
To record an optical spectrum the output fibre of the microscope is coupled 
to the input of a monochromator (ARC SpectraPro-150) that disperses the 
emission onto a 1024x256 pixel CCD array (Jobin-Yvon Symphony). The 
CCD array is liquid nitrogen cooled to achieve an extremely low dark current. 
9.3.9 Correlation Measurements 
For photon correlation measurements, the output from both detectors (with 
appropriate attenuation) was connected to a PCI-board designed to perform 
time-correlated single photon counting (PicoQuant TimeHarp200). T he card 
comes with its own software and allows easy recording of the intensity cor-
relation function (explained in Chapter 10). 
9.4 Detector Cross-talk 
In single photon counting applications an avalanche photodiode (APD) oper-
ates in much the same way as a Geiger detector for counting particles. This 
is achieved by applying a reverse bias that exceeds the breakdown volt age 
so that even a single photon is enough to trigger an avalanche of charge car-
riers. This gives rise to a current pulse. It is an unfortunat e fact that the 
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avalanche of charge carriers itself produces photons in the same wavelength 
region as that being detected (silicon APDs are well-suited for near-infrared 
wavelengths){47, 48] . For example, imagine then that you want to perform 
an experiment using two APDs with common optical paths that intersect at 
a beamsplitter. Suppose that in this experiment the arrival of a photon at 
the first APD starts a clock and the arrival of a photon at the second APD 
stops it1 . Ideally the source for all of the photons will be the emitting system 
of interest in the experiment. However, with the introduction of the A.PD 
emission discussed above the situation becomes less than ideal. Now, while 
a photon emerging from the experiment might start the clock, that photon 
triggers further photon emission from the detector which can then travel back 
toward the beamsplitter where some of it can travel along the optical path 
to the second detector. Similarly, the photon which starts the detector might 
have originated at the second detector. If the arrival time between photons 
is measured and built into a histogram, then what will be observed is two 
peaks due to the A.PD emission and the separation between the peaks will 
correspond to twice the temporal path length between detectors. This phe-
nomenon is well-known, and in single site experiments, it is often noted that 
infra-red filters are placed in front of one detector to prevent such detector 
cross-talk. 
The system described in this chapter employs optical fibres to collect the 
emission and this makes detection convenient since APDs are readily pur-
chased with fibre connectors as standard. The convenience would be negated 
if it became necessary to place a filter in front of one detector as this would 
require a u-bracket arrangement, coupling light out of the fibre, through a 
filter and then back into another fibre, which could then be attached to the 
A.PD. Two solutions have been employed in our system to avoid this compli-
cation. Most of the coincidences due to A.PD emission are due to reflect ion 
from the air-fibre interface at the input of the fibre (at the top of the micro-
scope). For this reason, the end of the fibre was polished by hand to an angle 
slightly in excess of the acceptance angle of the fibre. Figures 9.5 and 9.6 
1 This is precisely the case for the antibunching experiments to be described in the next 
chapter. 
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Figure 9.5: Photon coincidences recorded in 60s for an attenuated laser beam using a 
multimode fibre splitter with no modificat ion. 
show the coincidences recorded in 60 seconds for strongly attenuated laser 
light incident at the input of a flat and angle-polished fibre respectively. 
The laser power and accumulation time is identical in both cases, and clearly 
polishing the fibre beyond the acceptance angle has a dramatic effect. 
While polishing the fibre at an angle certainly improves the situation, 
for the single site experiments to be detailed in the following chapter, accu-
mulation t imes of 15 minutes or more are necessary to achieve satisfactory 
counting statistics. On such long times scales, some evidence of detector 
cross-talk is still present. However, the region of interest for the following 
experiments spans only approximately lOOns around zero t ime delay. If the 
opt ical path length between the detectors could be increased sufficiently to 
shift the detector peaks out of the region of interest, then they will not in-
terfere with t he signal to be measured. This is readily achieved by adding a 
lOm length of multimode fibre to each output from the fibre splitter. 
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F igure 9.6: Identical conditions to previous figure with the exception that the entry port 
of the fibre splitter has been polished to an angle just exceeding the fibre acceptance angle. 
9.5 Conclusion 
A confocal microscope system was developed and built as part of this thesis 
to enable optical detection of individual N-v - centres. The system includes 
two pathways, and utilises optical fibres , for illumination and detection. The 
current system operates at room temperature and will serve as a prototype 
for a second cryogenic system that is under development. 
Chapter 10 
Photon Antibunching and 
Bunching 
10.1 Introduction 
The presence of a single emitter can be established from the photon statistics 
of the detected fluorescence. After emitting one photon, the system is in its 
ground state and must be re-excited before a second photon is emitted. For 
this reason, it can 't emit two photons simultaneously. Therefore in principle, 
if one were to measure the delay between one photon arriving and the next, 
then a normalised histogram of the delays would go to zero at zero delay 
and to unity for delays that were long compared to the radiative lifetime. If 
two emitters are responsible for the fluorescence, then the histogram would 
go to exactly one half, and so on, as more emitters are added. Such a 
normalised histogram represents the intensity correlation function (also called 
the autocorrelation function or second order correlation function) denoted 
by g<2) . A g<2) value less than unity is called photon anti bunching, and a 
value below 0.5 is direct evidence that a single emitter is responsible for the 
fluorescence. 
The presence of a non-radiative state ('dark') state in the system gives rise 
to a second phenomenon called bunching. This can be understood in terms of 
the conditional probability, p(t+Tlt), of detecting a photon at time t+T given 
the detection of a photon at time t. The correlation function is the product 
of this probability and the number of photons detected per unit time. The 
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detection of a photon at time t projects the system into its ground state and 
the absorption of a photon projects the system into its excited state. From 
t he excited state the system can either relax to the ground state, emitting 
a photon, or make a non-radiative transition to the dark state. The latter 
process occurs much less frequent ly, consequently p(t + Tjt) is enhanced for 
T short compared to the average t ime before a transition to the dark state 
occurs. This enhanced probability leads to a g(2) value that exceeds unity 
and is referred to as photon bunching1 . 
In this chapter, t he confocal microscope system detailed in Chapter 9 
is used to study the antibunching and bunching characteristics of a single 
N-V- centre. The experimental data is compared to the photon statistics 
predicted by the five-level model of Chapter 2. A generic three-level model 
is also considered and the implications for modelling the photon statistics of 
single N-v - centres is discussed. 
10.2 Sample 
The sample2 used for the following experiments was a 1.4x 1.4 x 0.5mm type 
Ila diamond crystal with a (100) surface. The diamond was implanted with 
14keV 15Nt ions with the sample at rvlQOK. The sample is divided into seven 
regions with each region receiving a different dose of ions ranging from 2x 109 
to 1015 ions per cm2. Figure 10.1 shows a lOµm xlOµm raster scan in the 
region that received the lowest dose of ions. Even at this low dose rate t he 
density of centres is clearly quite high. By measuring the correlation func-
tions, it was determined that the spots in the image with the highest count 
rates were not single N-v- centres but clusters of two or more. However, 
some of the less intense spots were determined to be single N-v - centres. 
Examples of single and multiple centres are indicated on Figure 10.1. 
1 For a thorough treatment of photon antibunching and bunching, the anthor found 
Reference (49] very useful. 
2Sample kindly provided by Dr. Elizabeth Trajkov, University of Melbourne. 
10.3 Saturation 
30000cps 
Figure 10.1: A confocal raster scan of a lOµm x lOµm area of the sample. 
10.3 Saturation 
The power dependence of the emission was recorded for the single centre 
used in the following sections. Figure 10.2 shows the countrate as a function 
of the laser power at the sample. The background was recorded by moving 
the laser spot a small distance from the N-v- centre. The saturation power 
is a few milliwatts. This is consistent with other reports of the saturation 
intensity for a single N-v- centre [5]. 
10.4 Photon Antibunching 
The presence of a single emitter is established by calculating the intensity 
correlation function and showing that this function goes to a value less than 
0.5 for zero delay. In more formal terms, the intensity correlation function, 
g<2)(T), is defined as g<2)(T) = (I(t)I(t + T)) /(I(t))2. The significance of 
g(2)(0) = 0 is that, after emitting a photon, a single emitter requires a finite 
time before emitting the next. 
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Figure 10.2: Signal as a function of laser power. Solid circles are the signal measured 
with the laser on the centre, open circles with the laser moved a small distance away. The 
triangles are the signal corrected for background. 
Due to the finite dead time of a photon detector, such as the APDs 
used in these experiments, a single detector is insufficient to measure the 
intensity correlation function. Instead two detectors are used in a Hanbury-
Brown and Twiss arrangement, as shown in Figure 10.3. In the case of the 
confocal system described in Chapter 9, the 50-50 beamsplitter is replaced by 
a 50-50 multimode fibre coupler. The correlation data is recorded with a PCI 
board for time-correlated single photon counting (PicoQuant T imeHarp200). 
The raw coincidence data, c(t), is normalised using the formula CN(T) = 
c(t)/(N1N2wT) where N1 and N2 are the count rates for detectors 1 and 
2 respectively, w is the width of the time bin, and T is the accumulation 
time. In these experiments, there is always some background of random 
photons due to stray laser light or other emission. This is corrected for by 
applying the formula gi2) ( T) = [CN( T) - (1- p2)]/ p2 where pis related to the 
signal, S, and background, B , counts by p = S/(S + B)[6]. The background 
is measured by moving the sample a small distance from the N-V- centre 
10.4 Photon Antibunching 
Clock START 
F igure 10.3: Hanbury-Brown and Twiss detection scheme. The signal is incident on a 
50-50 beamsplitter and detected by two APDs, denoted Dl and D2. 
under investigation. The intensity correlation function of this background 
signal was unity for all r, confirming that it is not correlated with the signal. 
An example of the raw data recorded with the TimeHarp200 board is 
shown in Figure 10.4. The same data after normalisation and background 
correction is shown in Figure 10.5. Note that in Figure 10.4 the minimum oc-
curs at rv200ns whereas in Figure 10.5 it occurs at zero time. This is because 
a time delay is applied to one channel of the counting board. Otherwise only 
half of the spectrum around r = 0 can be recorded. 
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Figure 10.5: Same data as Figure 10.4 after normalisation and background correction. 
10.5 Photon Bunching 
As described in Section 10.1, a dark state gives rise to the phenomenon of 
bunching. The correlation funct ions of the same single N-V- centre were 
recorded for laser powers ranging from 80µW to l.5mW and are shown in 
Figures 10.6 to 10.10. Only a small amount of bunching is evident at the 
lowest laser intensity while at the highest intensity t he correlation function 
reaches a maximum value of "'1.6. 
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Figure 10.6: Correlation function for 80µ,W laser power. 
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Figure 10. 7: Correlation function for 215µ,W laser power. 
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Figure 10.9: Correlation function for 800µW laser power. 
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Figure 10.10: Correlation function for l.5mW laser power. 
10.5.1 Three-level Modelling 
100 
It is useful to consider the three-level model shown in Figure 10.11 and to 
determine the rate constants for this model that give the best fit to the 
bunching data of Section 10.5. Other attempts to fit single N-v - photon 
statistics with a three-level model, as noted in Section 2.3, do not include 
decay from the singlet to the ground state due to the assumption of a long 
singlet lifetime which is in disagreement with the present work. The three-
level model to be considered here includes decay from the excited state to 
the singlet, with no back-t ransfer, and decay from the singlet to the ground 
state. 
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2 
1 
Figure 10.11: A three-level model of the N-v- centre. 
The experimental data of the previous section can be compared to the 
photon statistics predicted by such a three-level model by solving the classical 
rate equations: 
dni """""" dt = L.) kj(nj - kijni) 
j 
(10.1) 
where ni is the population of level i (i= z, x, y, z' , x' , y', s) and kij is the rat e 
of the i ----t j transition. This can be written in matrix form as: 
d 
dt [NJ = [A][No] (10.2) 
where [No] is a vector of the populations at time t = 0 and [NJ is a vector of 
the populations at some time t. For the three-level model , using the not at ion 
of Figure 10.11, the matrix [A] is: 
The correlation function can then be expressed as g(2) (t) = 1 + e->-ilt l + e- >-2 ltl 
where A1 and .\2 are eigenvalues of the matrix A. The eigenvalues of the 
matrix A can be expressed as -s ± J s2 - 4a where s = k12 + k21 + k23 + k31 
and a = k31(k21 + k23) + k12(k23 + k31 ). The assumpt ion is made that the 
radiative decay and optical pumping are much faster than decay to the singlet 
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or decay from the singlet to the ground state, that is, k21 , ki2 >> k23, k31· 
With this approximation, the photon bunching behaviour can be separated 
into a fast and slow component: the fast component given by -2s and the 
slow component by -s + s V 1 - !~ . A binomial expansion of the square root 
term gives an expression for the slow component of -2~a . Substituting the 
rate constants for s and a we arrive finally at: 
and 
slow = _ 2(k12(k23 + k31) + k21k31) 
k12 + k21 
(10.3) 
(10.4) 
In the limit of weak optical pumping (small k12), the slow component can be 
written as -2k31 . For strong optical pumping (large k12), the slow component 
can be written as -2(k23 + k31). We can then determine how well any such 
three-level model can fit the experimental data by performing a least squares 
fit and extracting the four rate constants. For a weak driving field, the fast 
component will be dominated by the radiative decay rate, k21 , so we can 
determine this rate from the slope of the antibunching. From the best fit to 
the data a value of k21 = 25.9ns-1 is obtained. For a strong driving field, 
the slow component can be approximated as 2(k23 + k31 ). Again using the 
best fit, we obtain the values k31 = 96ns-1 and k23 = l08ns- 1 . In Figure 
10.12, the experimental data is plotted with the statistics predicted by the 
three-level model using these rate constants. 
10.5 Photon Bunching 
1 
80µW 
o~~~~~~~~~~~~ .......... ~~~~~~~~~~~~ 
-100 -50 0 50 100 
2.--~~~~~..--~~~~~~~~~~~--.-~~~~~---, 
1 
21SµW 
0 '--~~~~~...__~~~~~-L-~~~~~_._~~~~~---' 
-100 -50 0 50 100 
2,--~~~~~-.-~~~~~--.--~~~~~~~~~~~--. 
-~C'l 1 
400µW 
0'--~~~~~~~~~~~-'--~~~~~--'-~~~~~--' 
-100 -so 0 so 100 
2.--~~~~~....-~~~~~--.-~~~~~~~~~~~--. 
1 
800µW 
0 '---~~~~~....__~~~~~-'-~~~~~-'-~~~~~--' 
-100 -so 0 50 100 2 ,--~~~~~-.-~~~--..,..,~--.--~~~~~~~~~~~--. 
1 
1SOOµW 
0'--~~~~--'---~~~~--'---~~~~--'---~~~~--' 
-100 -so 0 
time (ns) 
so 100 
Figure 10.12: The best fit to the experimental data that can be achieved with the three-
level model of Figure 10.11. The transition rates used are k21 = 25.9ns- 1 , k31 = 96ns- 1 
and k 23 = 108ns-1. 
The singlet lifetime which gives the best fit, 96ns, is much shorter than the 
285ns obtained independently in Chapter 5 of this thesis. If a singlet lifetime 
of 285ns is used instead, t he amount of bunching (that is, the deviation from a 
correlation function value of unity at short t imes) predicted by the model far 
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exceeds that observed in experiment. The rate of populating the singlet, k23 , 
can be made slower to compensate for this effect, however the fast decay of 
the bunching observed in experiment cannot be achieved with this condition. 
10.5.2 Five-level Modelling 
Using the parameters summarised in Chapter 6, the photon statistics pre-
dicted by the five-level model of Chapter 2 can be obtained in a similar way 
to the previous section using the matrix: 
-(k zz' + kzi' ) kz'z ksz 0 ki'z 
kzz' - (kz'z + kz1i ) 0 kiz' 0 
A = 0 0 -ksz 0 ki1s 
0 kz'i 0 - (kii' + kiz') ki1i 
kzi' 0 0 kii' -(ki'z + k;1s + ki1i) 
where i = x, y. 
Using the rate constants given in Figure 6.1, the calculated responses are 
plotted with the experimental data in Figure 10.13. The calculated corre-
lation function has been convoluted with a lns time window to take into 
account t he timing jitter of the detection due to the resolution of the Time-
Harp board and dispersion in the optical fibre. 
10.5 Photon Bunching 
1 
0'--~~~~---'-~~~~~...,__~~~~-'-~~~~----' 
-100 -50 0 50 100 
2r--~~~~-----,r--~~~~--.~~~~~--.~~~~~--, 
1 
0'--~~~~---'-~~~~~...__~~~~-'-~~~~----' 
-100 -50 0 50 100 
2,--~~~~---..r--~~~~--.~~~~~--.~~~~~--, 
0'--~~~~----''--~~~~----'~~~~~----'~~~~~--' 
-100 -50 0 50 100 
2~~~~~---..r--~~~~--.~~~~~--.~~~~~~ 
1 
o---~~~~----'~~~~~----'~~~~~----'~~~~~--' 
-100 -50 0 50 100 
2~~~~~---.r--~~~~--.~~~~~--.~~~~~~ 
1 
o---~~~~---'~~~~~----'~~~~~__.~~~~~__. 
-100 -50 0 
time (ns) 
50 100 
Figure 10.13: Correlation functions calculated using the five-level model with parameters 
given in Figure 6.1. 
Clearly, with the parameters determined in this thesis, the agreement 
between the five-level model and the experimental data is worse than for t he 
best three-level model of the previous section. This is particularly evident 
at the higher excitation intensities where the bunching decay is dominated 
by the (relatively) slow singlet lifetime. If we again run an algorithm to 
determine the "best" rate constants for this model we obtain marginally better 
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Figure 10.14: Correlation functions calculated using the five-level model with t he best 
parameters, determined by performing a least-squares fit to the data. 
agreement with the experimental data than for the best three-level model, as 
shown in Figure 10.14. To achieve a good fit to the data, a singlet lifetime 
shorter than 285ns was again necessary. 
10.6 Implications for Modelling Photon Statistics 
10.6 Implications for Modelling Photon Statis-
tics 
The photon statistics obtained from individual N-v- centres under optical 
excitation cannot be adequately described by the three-level model of Section 
10.5.1 or the five-level model of Chapter 2. The significance of photoionisa-
tion has been discussed previously in this thesis in relation to ensemble N-v-
experiments. It is reasonable to speculate that photoionisation is equally sig-
nificant in single N-v- studies. It was noted in Section 10.5.1 that previous 
three-level models assumed a singlet lifetime of the order of a second [21, 6], 
which is clearly inconsistent with the lifetime obtained in Chapter 5. What 
is interesting to note here is that excellent agreement between theory and 
experiment was obtained in [30] using the three-level model shovm in Figure 
10.15, but only if the rates k23 and k32 were made dependent on the laser 
intensity. This hints that another process is involved and, based on the re-
sults presented in this thesis, it is plausible to speculate that this process 
is photoionisation. In Figure 6.8, we see that the photoionisation has an 
approximately quadratic dependence on excitation intensity, and in Section 
6.5, there was further evidence that photoionisation occurs from the excited 
states. From the time dependence of photoionisation in Figure 7.8, it is clear 
that photoionisation is occurring on a time scale shorter than a microsec-
ond. A two-photon ionisation process then could certainly account for the 
intensity dependent rate constants used in [30) to obtain a good fit to the 
experimental data. 
A better model to describe the photon statistics obtained from single N-
y- centres would then not be dissimilar to that of [30], however the "dark 
state" should be the photoionised state rather than the singlet level. 
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Figure 10.15: The three-level model of the N-v- centre considered in reference (30}. 
10.7 Conclusions 
The five-level model considered in this thesis has been shown to give rea-
sonable agreement to the photon statistics obtained from individual N-v-
fiuorescence if a singlet lifetime shorter than the 285ns determined in Chapter 
5 is used. The two-pulse experiment used to determine the singlet lifetime 
for an ensemble of centres should therefore be repeated on a single site. If a 
lifetime of r-v300ns is also obtained for a single centre, then the process giving 
rise to the photon bunching needs to be investigated further. 
The modelling presented in this chapter, when considered in light of previ-
ous findings (particularly [30]) , suggests that a three-level model of the N-v-
centre is most appropriate, but that the "dark state" should not be assigned 
as the singlet level but to some other process, most likely photoionisation. 
Chapter 11 
Conclusions of Single Site Studies 
A good understanding of the photodynamics of the N-v- centre is necessary 
to optimise protocols for single photon generation and quantum information 
processing applications. To date the proposed models of the centre have 
all been unsatisfactory in some respect. The assumption of a long-lived 
singlet state has confused the issue and necessitated the inclusion of extra 
light-driven processes to obtain a good fit to single photon statistics. The 
lifetime of the singlet state, obtained by a simple two-pulse optical experiment 
in Chapter 5, is a fraction of a microsecond rather than the hundreds of 
milliseconds reported previously from indirect measurements [17]. 
The five-level model described in Chapter 2 was developed using group 
theory considerations and symmetry arguments. The rate constants required 
to complete the model, including the singlet lifetime, were obtained from the 
experiments reported in Chapters 3 to 6 of this thesis. With all the rate 
constants determined, the classical rate equations can be solved to predict 
the photon statistics of a single N-v- centre for an arbitrary optical field. 
Using the parameters measured in this thesis, we obtain good agreement with 
ensemble measurements, inspiring some confidence that the rate constants 
are plausible. The agreement with the measured photon statistics of a single 
N-v- centre is less satisfactory and there is evidence that another process, 
most likely photoionisation, dominates the photon bunching characteristics. 
While a five-level model is necessary to account for spin polarisation and 
the associated change in emission level, a simpler three-level model suffices for 
modelling single N-V- fluorescence. We propose that the most appropriate 
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three-level model involves a ground state, excited state, and dark state, but 
that this dark state is the photoionised state rather than the N-v- singlet 
level. 
The stability of the centre under optical excitation is clearly an issue 
for the proposed technological applications based on single N-v- centres. 
The photoionisation discussed throughout this thesis is therefore worthy of 
further investigation. In particular, the photoionisation mechanism and the 
conditions that affect the stability of an individual N-V- centre should be 
determined. Photoionisation of a single N-v- centre has been reported re-
cently [42]. A study of the site to site variation, and sample dependence, of 
the behaviour should provide further insight. 
Chapter 12 
Future Work 
The five-level model of the N-v- centre described in this thesis gives a plausi-
ble explanation for the ground state spin polarisation and associated change 
in emission intensity observed in experiment. It was shown in Chapter 6 t hat 
there is satisfactory agreement between the predictions of the model and the 
emission characteristics observed in a two-pulse optical excitation experiment 
for an ensemble of N-v- centres. This gives us a degree of confidence in t he 
transition rate constants determined in Chapters 3 to 5. The singlet lifetime 
of 285ns determined in Chapter 5 is in stark disagreement with the lifet ime 
of many hundreds of milliseconds that is often cited in the literature. 
When modelling the photon statistics of a single N-v- centre a lifet ime 
shorter than 285ns was necessary to achieve a good fit to t he experimental 
data. The two-pulse optical excitation used to determine the singlet lifetime 
in Chapter 5 should therefore be repeated using single N-v- cent res. The 
measurement should be repeated with many different centres to look for any 
site to site, and sample to sample, variation in the singlet lifet ime. If a singlet 
lifetime of "'300ns is again observed for single sites, then the process giving 
rise to photon bunching needs to be investigated further. 
The singlet lifetime measurement is carried out in the "dark", i.e. it is the 
decay from the singlet during a period of darkness that is measured. The 
photon bunching measurements, on the other hand, are carried out under the 
condition of continuous excitation. Therefore, if a singlet lifetime of 300ns is 
again measured for the single site case, it may be that t he exciting laser is 
affecting the dynamics of the singlet. 
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In Chapter 7, it was shown that photoionisation is certainly an issue for 
ensemble measurements. It is likely to be equally significant in single N-
y- studies so the most pressing issue for the immediate future is to further 
investigate the photoionisation process by studying it in individual N-Y-
centres. As well as variation between sites in the same sample, any sample 
dependence will give clues as to the conditions that affect the photoionisation 
process (for example the local nitrogen concentration). 
The photoionisation process will first be studied at room temperature 
using the confocal microscope described in Chapter 9. The correlation func-
tions can be recorded with wavelength selective filters, employed such that 
one detector monitors predominantly N-Y- emission and the other predom-
inantly N-yo emission. As well as measuring the correlation functions for 
excitation wavelengths within the absorption bands of both centres, it would 
be useful to compare the correlation functions when both charge states are 
excited (e.g. at 532nm) and when only the N-Y- is excited (e.g. at 590nm). 
This selective excitation is more readily achieved when the sample is at a 
low temperature because the spectral features are narrower. For this reason 
a second, low temperature, confocal microscope is currently under develop-
ment. The second microscope will fit in the bore of a liquid helium cryostat 
enabling single site detection with cryogenic cooling of the sample. The 
ensemble photoionisation experiments presented in Chapter 7 will then be 
repeated with single N-y- centres. 
There was evidence in the ensemble studies that photoionisation occurs 
out of the excited states and single site studies will provide further insight 
into the mechanism. Again, by looking at many sites in different samples, 
the site to site variation and sample dependence will be examined. 
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Symmetry considerations are used in presenting a model of the electronic structure and the asso-
ciated dynamics of the nitrogen-vacancy center in diamond. The model accounts for the occurrence 
of optically induced spin polarization, for the change of emission level with spin p olarization and for 
new measurements of transient emission. The rate constants given are in variance to t hose reported 
previously. 
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I. INTRODUCTION 
Since the nitrogen-vacancy (N-V) center in di-
amond has been detected at a single site level 
[1-3] the center has attracted attention for var-
ious quantum information processing applica-
tions. For example, the center has been used 
as a single photon source for quantum cryptog-
raphy [4, 5] and work in this area has included 
impressive demonstrations [6]. Another area of 
interest results from the center having a non-zero 
spin ground state. The ground state spin can 
be the qubit and the optical transitions utilized 
for readout and for qubit manipulation. There 
are again impressive demonstrations in this area 
[7-11]. With these successes and additional pro-
grams under development it might be expected 
that the properties of the N-V center are well 
understood. However, this not the case. Despite 
the extensive publications the center is not well 
understood and the literature contains many in-
accuracies. The purpose of this paper is to re-
visit our knowledge of the nitrogen-vacancy cen-
ter, provide an account of the electronic energy 
levels and more particularly explain the dynam-
ics of the center under optical excitation. 
II. NITROGEN-VACANCY CENTER 
The N-V center occurs in diamond contain-
ing single substitutional nitrogen when irradi-
ated and annealed [12, 13]. Electron irradiation 
with energies greater than 200 ke V creates va-
cancies [14]. The vacancies are mobile at 800°C 
and can become trapped adjacent to the nitro-
gen impurities. The uitrogen-vacancy complex 
formed has a strong optical transition with a 
zero-phonon line at 1.945 eV (637nm) accom-
panied by a vibronic band at higher energy in 
absorption and lower energy in emission. The 
zero-phonon line has been studied by Davies and 
Hamer [13). They have studied the effect of uni-
axial stress and from the splitting and polariza-
tion they established that the transition is asso-
ciated with an orbital A - E transition at a site 
of trigonal symmetry. The trigonal symmetry 
is consistent with an adjacent nitrogen-vacancy 
pair with C3v symmetry. In other studies us-
ing optical excitation Loubser and van Wyk de-
tected ESR signals of a spin polarized triplet (S 
= 1) [15]. The ESR they observed was asso-
ciated with a center having tr igonal symmetry 
and the magnitude of t he optically induced sig-
nal was found t o vary with wavelength in corre-
spondence with the strength of the A - E optical 
transition. Hence, the center was attributed to 
the same nitrogen-vacancy complex. With an 
integer spin (S = 1) the cent er must have an 
even number of electrons and it is taken that the 
neutral nitrogen-vacancy complex with five elec-
trons has acquired an additional electron from 
elsewhere in t he lattice, probably from another 
substitutional nitrogen atom. There will then 
be six electrons occupying the dangling bonds of 
the vacancy complex [15]. Loubser and van Wyk 
proposed that the spin polarization arises from a 
singlet electronic system with inter-system cross-
ing to a spin level of a meta-stable triplet. How-
ever, it was established from hole burning [16], 
optically detected magnetic resonance [17), ESR 
[18] and Raman heterodyne measurements [19) 
that the tr iplet is the ground state rather t han 
a meta-stable state. Therefore, their model has 
to be modified to give a 3 A ground state and a 
3 A-3 E optical transition. The optically induced 
spin polarization can still arise from inter-system 
crossing and an account is given in this paper. 
The six electrons occupy t he dangling bonds 
associated with t he vacancy complex. A discus-
sion of this situation is included in a treatment 
by Lenef et. al. [20). Although t hey did not adopt 
the six electron model [21] t hey did give a very 
useful general treatment including the six elec-
tron situation and their presentatiou allows the 
present discussion to be brief and more descrip-
tive. The dangling bonds are formed from sp3 
orbitals of the carbon and nitrogen atoms and 

in a vacancy approximating Td symmetry these 
can be combined to form ai and t 2 molecular 
orbitals with Ai and T2 symmetry, respectively 
[22]. From symmetry and charge overlap consid-
erations the ai is considered to be lower in en-
ergy and the t 2 higher. With six electrons ait~ 
will be the lowest energy configuration and this 
can also be described as at~ hole system. When 
the T d symmetry is lowered to trigonal the t 2 
orbital will be split to give, in C3v notation, an 
ai and e orbital. The e hole is lower in energy 
and, hence, the lowest energy configuration will 
be e2, next lowest eai and the ar highest. The 
spin-orbit wave functions for the e2 configura-
tion give 3 A2, i Ai and 1 E states and the ea1 
configuration 3 E and 1 E states. The ai gives an 
i Ai. The optical transition is associated with 
triplets and so the ground state is attributed to 
the 3 A2(e2) state and the excited state to the 
3E( eai) state. There are singlets 1 A i ( e2) and 
i E(e2) and i E(aie) which could lie in the same 
energy range as the triplets. The i Ai (ar) lies 
higher. It has been assumed that the i A i ( e2 ) 
lies between the triplets and the present treat-
ment accepts this assertion and will be shown to 
be consistent with observation. The possibility 
of intermediate i E level( s) will be discussed. 
The energy of the 3 Az, 3E, i Ai states are de-
termined by the above bonding consideration. 
We consider how these states are effected by 
spin-orbit and spin-spin interaction. The gronnd 
state is an orbital singlet and is only affected by 
spin-spin interaction. In trigonal symmetry it is 
split into a singlet, IA2,Sz >with symmetry Ai, 
and doublet, IA2,Sx >, IA2,Sy > with symme-
try E. The 3E excited state is an orbital doublet 
and the dominant splitting is by axial ,\ LzSz 
spin-orbit interaction and gives three two-fold 
degenerate states; E, E', and an (A1 ,A2) pair. 
The non-axial spin-orbit interaction is small and 
will be neglected at present. The spin-spin in-
teraction is perhaps also smaller than the ax-
ial spin-orbit interaction but regardless does not 
cause any mixing of the wave functions. These 
states and the symmetry adapted wave functions 
are then as given in Fig.l(a). We are princi-
pally concerned with the wave-functions and will 
not consider the splitting in detail. In this ap-
proximation it should be noted that states with 
Sz spin projection are not mixed with the spin 
states with Sx and Sy spin projection. The A2 ~ 
E transition is orbitally allowed and as spin pro-
jection is not changed by the electric dipole op-
erator the optical transitions will be the same 
strength for each of the spin projections (shown 
as solid vertical arrows in Fig.l (a)). There are no 
transitions involving a change of spin and it can 
be concluded that optical cycling of the 3 A2 - 3E 
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transition will not result in change of spin projec-
tion or result in any spin polarization. This situ-
ation does not change when considering vibronic 
interactions as spin projection is conserved. 
Spin-orbit interaction mixes singlets and 
triplets which transform according to t he same 
irreducible representation. T he mixing provides 
an avenue whereby symmetric vibration can 
cause a population relaxation between the mixed 
singlets and triplets. The symmetry consider-
ations, therefore, determine the allowed inter-
system crossing and these are also shown in Fig 
l(a). Where t here is only a i A1 singlet level 
the inter-system crossing is restrict ed to states 
that transform as Ai irreducible representations. 
There can be excitation of population out of the 
E ground state level with Sx and Sy spin projec-
tions to t he Ai spin-orbit level of the 3 E state. 
Population in this state can decay via the sin-
glet to the Sz spin projection of the ground state. 
Such an excitation and decay, t herefore, causes 
a re-orientation of the ground state spin projec-
tion and with continuous excitation population 
can be transferred to the ground Sz spin state. 
This is consistent with the preferred spin orien-
tation [23]. With t hese selection rules, assum-
ing the optical induced spin polarization is faster 
than spin-lattice relaxation, t he spin polarization 
would be 1003 but this is not what is observed. 
The extra consideration is t he non-axial -\1 
(LxSx + Ly Sy ) spin-orbit interaction which 
we have previously neglected. This spin-orbit 
term causes a mixing of t he two 3E states (de-
noted E and E') transforming as an E irreducible 
representation. These states have different S~ 
and Sx,Sy spin project ions and, hence, the mix-
ing gives rise to optical transitions that do not 
conserve spin (dashed arrows in Fig.1). The 
transitions are observed in hole bnrning spectra 
[16, 24- 26] and are the transitions that limit the 
degree of spin polarization that is achieved. It 
is anticipated that the strength of the non-axial 
spin-orbit interaction is small. The non-axial 
spin-orbit term would be zero in T d and is only 
allowed through the lowering of the symmetry 
to C3v· The interaction is, therefore, anticipated 
to be small and the non-spin conserving optical 
transitions weak. Although weak the transitions 
play an important role in limiting the saturation 
spin populations. 
We briefly consider the situation where a i E 
state(s) lies between the 3 A2 and 3 E. If this were 
the case there could be symmetry allowed relax-
ation from the excited triplet (3E)E and (3E)E' 
states to such an intermediate 1 E singlet state. 
However, using the two hole descript ion the re-
laxation is found to be forbidden in t he case of 
the triplet (3E)E' state (cancellation of terms for 
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FIG. 1: (a) Energy levels of the N-V center in C3v 
symmetry. The excited state is split by spin-orbit 
interaction whereas the ground state is split by spin-
spin interaction (not shown to scale). The figure 
gives the symmetry adapted wave-functions. The 
solid arrows indicate the spin-allowed optical transi-
tions. The dashed arrows indicated weak transitions 
which are a llowed through the mixing of the (3 E)E 
and (3 E )E' basis states by transverse spin-orbit in-
teraction. The diagonal arrows give inter-system 
crossing allowed by spin-orbit interaction. (b) En-
ergy levels and wave functions of the N-V center in 
the presence of a strain .field. The wave functions 
are appropriate for a strain field perpendicular to a 
reflection plane. The transitions are derived from 
those allowed in (a). 
a 1E(a1e) and forbidden for one electron opera-
tors for 1E(e2 ) states) implying that there will 
still not be population transfer out of states with 
Sz spin projection. There can be relaxation from 
the other triplet (3E)E state involving the Sx, Sy 
spin projections to a 1 E level. Given that there 
is also an intermediate 1 A1 there can be two al-
ternate situations depending on the ordering of 
the i A1 and i E singlet levels. Should the i E 
state lie below the 1 A1 level the decay from the 
lowest singlet, the 1 E, will be to the (3 A2 )E com-
ponent of the ground state. This state has a Sx, 
Sy spin projection and the optical cycling will 
have had no consequence implying no change in 
spin orientation. However, if the 1 E state lies 
above the 1 Ai level there will be radiative (or 
non-radiative) decay to the lower singlet level, 
the 1 Ai, followed by the relaxation, as discussed 
in the previous paragraph, to the Sz spin projec-
tion of the ground state. This process will lead 
to the same spin change and spin polarization as 
before and the simple consequence of involving 
the 1 E singlet is that the total (1 A1 plus 1 E) 
spin polarization process will be more efficient. 
Thus, if there is an intermediate 1 E state, to be 
consistent with observation it must lie at an en-
ergy higher than the 1 A1 state. It is recognized 
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that this order is in disagreement with calculated 
energy levels [28]. However, there is an appeal 
of including a higher single 1 E state as it could 
lie close to the excited triplet level and the 1 Ai 
close to the ground state thus accounting for the 
relatively fast inter-system crossing reported be-
low. However, there is no fundamental difference 
in the dynamics and it is sufficient in this work 
to restrict the discussion to one singlet level, a 
1A1. 
It is common for there to be strain in diamond 
and it is worth considering the consequence to 
the energy levels and the associated dynamics. 
There will be no fundamental change with axial 
strain as all it gives is a uniform shift of the en-
ergy levels and no change of the wave functions 
or the dynamics. However, the component of the 
strain at right angles to the a.xis of the center 
lowers the symmetry and the extra crystal field 
lifts the orbital degeneracy of the excited state 
to give two orbital non-degenerate states denoted 
Ex and Ey [20]. We consider the case where this 
strain splitting is larger than t he spin-orbit in-
teraction. Where the strain ret ains a reflection 
plane the Z, X, Y axes will be determined by 
symmetry. The wave functions for this situation 
are as given in Fig l (b). In the limit of small 
non-axial spin-orbit interaction there is still little 
mixing of the Sx, Sy spin states with the Sz spin 
states. The transitions and inter-system cross-
ing can be determined from the parent state and 
are shown in Fig l(b). The spin allowed transi-
tions will have near the same strength as in the 
zero strain case but they are now totally polar-
ized. The only minor change is loss to the dashed 
transitions between the states with different Sx 
and Sy projections. These arise where the strain 
is not sufficient to totally quench the effect of 
the diagonal spin-orbit interaction. A more sig-
nificant effect is in the strength of the non-spin-
conserving transitions induced by non-axial spin-
orbit interaction. They will become significantly 
stronger as the separation of the Sz and (Sx, Sy) 
states mixed is much smaller. When the strain 
does not retain reflection symmetry the effective 
X and Y axis may be different between ground 
and excited states and all transitions and inter-
system crossings will become allowed in principle 
(no symmetry restrictions). However, the selec-
tion rules will be dominated by those allowed in 
zero order and the perturbation approach in Fig 
l(b) is anticipated to give a reasonable approx-
imation to the dominant excitation and decay 
channels. 
Which of the diagrams Fig l(a) or Fig l(b) 
(or an intermediate case) is appropriate depends 
on the relative magnitude of the stress and the 
spin-orbit interaction. Spin-orbit for the car-

bon atom is known to be a few cm-1 ( "'200 
GHz) and a spin-orbit splitting of 1 cm-1 (30 
GHz) was obtained for the 3E state from optical 
magnetic circular dichroism measurements [16]. 
~Tith a concentration of N-V centers it is com-
mon for the inhomogeneous width of the zero-
phonon line to have a width of several hundred 
GHz and significant part of this width can be at-
tributed to stress. The stress splitting is, hence, 
larger than the strength of the spin-orbit inter-
action and Fig 1 (b) will be the appropriate en-
ergy scheme. There will be fast vibrational de-
cay from the upper branch to the lower branch 
(Ex to Ey in Fig 1 (b)) and the associated struc-
ture will not be resolved as the levels will be life-
time broadened. The structure in the lower levels 
are frequently obtained in hole burning measure-
ments when the laser frequency is on the low 
energy side of the zero-phonon line [16, 24-26] 
but the structure [27, 29] has not been satisfac-
torily explained. Little structure is obtained for 
absorption at the center of the zero-phonon line 
and, hence, there is no experimental knowledge 
of the energy levels associated with centers cor-
responding to Fig. l(a). Therefore, the current 
situation is that the strength of the interactions 
in the excited 3E state are not well established 
and this remains an outstanding issue for a full 
understanding of the N-V center. 
The dynamics associated with optical excita-
tion can be determined without detailed knowl-
edge of the excited state energy levels. This 
is because from the above discussion it can be 
seen that the system can be reasonably quan-
tized by its spin projection Sz or (Sx, Sy) aud 
this is not altered by stress. The dynamics are 
largely determined by the crossing between these 
two spin projections and the symmetry consid-
erations give the two main mechanisms. These 
are through the inter-system crossing via the sin-
glet and through the weak non-spin-conserving 
optical trausitions. The effective energy scheme 
is given in Fig.2 where the Sz states are shown 
on the left and the (Sx, Sy) on the right. The 
singlets are drawn centrally. Spin polarization 
involves displacement of population from the 
states on the right to the states on the left. The 
transitions including those that change the spin 
projection are shown as solid lines as determined 
by the parent states in C3v symmetry. For com-
pleteness other transitions allowed in low sym-
metry are shown as dashed lines. The low sym-
metry situation is similar to that proposed by 
others [10, 30, 31] and to assist comparison we 
adopt their shortened notation. The ground spin 
states are defined as x, y and z; the excited triplet 
states as x', y' and z' and the singlet level as s. 
In the following experiments we determine the 
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FIG. 2: Energy levels for a perturbed N-V center. 
The significant energy levels of Fig.l(b) are re-drawn 
to highlight the inter-system crossing. All the radia-
tive and non-radiative transitions are shown. The 
allowed transitions considered in the text are shown 
by solid arrows. The dashed vertical arrows on the 
right are allowed but can be taken to be zero for 
present experiments. Also the inter-system crossing 
indicated by t he dashed arrows are zero in first order. 
values of the parameters using bulk samples. 
III. EXPERIMENTAL DETAILS 
Several type 1 b diamonds were used in t hese 
studies. They were irradiated with energetic 
electrons (> MeV) and annealed. The nitrogen-
vacancy concentrations varied from 3 x 1018 per 
cm3 to 1017 per cm3 and there was no indication 
that the dynamics of the optical cycle varied sig-
nificantly for concentrations in this range. 
The experiments involve transient and CW 
excitation studies using a frequency doubled 
Nd:YAG laser. The excitation wavelength is 532 
nm which is near the peak of the 3 A2 ~ 3E ab-
sorption band. The emission was detected by 
a S-20 photomultiplier or pin diode with a re-
sponse time of 30 ns. With the exception of t he 
measurement of the spectrum the emission wave-
length detected was selected using absorptive fil-
ters. 
The studies involved three different excitation 
and detection geometries. For low level excita-
tiou the intensity was determined from the laser 
power and the beam diameter. The emission at 
45° was focussed on the pin diode. For high 
intensity measurements a confocal arrangement 
with an oil immersion objective was used. The 
excited diameter was 0.2 micron with the emis-

sion spot focussed onto a pinhole. A 1 mW 
beam gave an estimated power density of 2 x 
106 W/cm2 . With the small excitation and de-
tection volumes the signals were weak and long 
collection times were required to obtain satis-
factory signal to noise ratios. The majority of 
the measurements were taken with a third ge-
ometry where satisfactory signals could be ob-
tained more rapidly. The light was focused with 
a microscope objective and the back emission 
collected by the same objective. For the same 
laser power the intensity at the sample was ap-
proximately two orders of magnitude lower than 
that obtained with oil immersion objective and 
it required a 100 mW laser beam to obtain a 
maximum intensity of 2 x 106 W /cm2 . The un-
satisfactory feature of this geometry is that the 
intensity was not constant over the collected vol-
ume. 
At low intensities where slow (>ms) responses 
were obtained the light was gated with a me-
chanical chopper whereas for the fast speeds as-
sociated with the high intensities the light was 
gated using two acousto-optic modulators in se-
ries. The rise time of the A-0 modulators is 30 
ns. When gating off there was a weak component 
that lasted for a µs. However, no measurements 
were taken when gating the light off. 
A. Preliminary measurements 
The emission of the N-V center has been re-
ported on many occasions. The general charac-
teristics are shown in Fig.3. Near room temper-
ature the emission gives a band stretching from 
630 nm to 800 nm with vibrational structure and 
a weak zero-phonon line at 637 nm (Fig.3(a)). 
Cooling has little effect on t he vibronic absorp-
tion band [32] and consequently there is little 
change in the amount of light absorbed from the 
laser beam when using an excitation wavelength 
within the vibronic band. Consistent with this, 
the total emission does not show a significant 
change when the temperature is lowered (insert 
in Fig.3(a)). The most obvious change in cooling 
to low temperatures is that the zero-phonon line 
becomes sharper and more prominent (Fig.3(b)). 
The Huang-Rys factor is 3.7 with only 2.7 per-
cent of the transition strength being associated 
with the zero-phonon transition [32]. At high ex-
citation densities there can be photo-ionization 
of the N-V center of interest and the creation 
of the neutrally charged [N-V]0 center [33, 34]. 
This center has a zero-phonon line at 575 nm 
with a vibronic band to lower energy [35]. The 
increased contribution of this center at high in-
t ensities is illustrated in Fig.3(b). 
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FIG. 3: Spectral characteristics of the N-V Cen-
ter. (a) Emission spectra of a diamond containing 
a high concentration of N-V centers measured near 
room temperature using low excitation densities of 1 
W /cm3 . Insert: the variation of the N-V emission 
at 666 nm as a function of sample temperature (b) 
Low temperature emission spectra of the N-V cen-
ter measured wit h various excitation densities (from 
reference [33]). Insert: variation of N-V emission 
intensity as a function of excitation energy density 
(units of 1 x 105 W /cm3). Emission normalized to 
excitation intensity. 
As discussed earlier the N-V center exhibits 
optically induced spin polarization of t he ground 
state triplet and there is a change of the emission 
intensity associated with this polarization. The 
change is illustrated in Fig 4. In the dark the 
sample becomes unpolarized and when exciting 
the emission has an initial intensity level A. After 
exciting for a period the sample becomes polar-
ized and the strength of the emission increases to 
a second value B (Fig.4(a)) . The rate at which 
the emission increases from the level A to B is 
linearly dependent on the excitation intensity. 
Should the sample be in the dark for a period 
less that the spin-lattice relaxation time (T 1) t he 
initial emission level will be at a value between 
A and B and varying the dark period varies this 
level. This variation of emission level with t he 
duration in the dark can be used to establish the 
spin lattice relaxation time and measurements of 
this type are shown in Fig.4(b). T he A/B ratio 
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FIG. 4: Emission obtained when gating on excitation 
at time 0. The excitation is at 532 nm and is gated 
with a mechanical shutter. (a) Response for various 
laser powers; 10 mW corresponds to an intensity of 
1 W / cm2 • The emission increases to an initial value 
A, 86% of its final value. The rate of increase of the 
emission to its final CW value B depends on intensity 
of excitation. Sample has spin-lattice relaxation time 
of 100 ms and sample held in dark for 500 ms prior 
to excitation. (b) Responses for various periods in 
the dark. For these traces the sample is cooled and 
the spin-lattice relaxation time is increased to 500 
ms. 
is of considerable interest. To ensure a satisfac-
tory A measurement it is necessary to have the 
sample in the dark for a period long compared to 
T 1 whereas to obtain the saturation value B the 
intensity has to be sufficient to obtain the higher 
emission level within a time short compared to 
T 1 . A decrease of the spin polarization through 
spin diffusion must also be avoided. When meet-
ing these conditions the A/B ratio is 0.86 ±0.02. 
B. Dual pulse measurements 
The first series of measurements involves in-
tense excitation with the delay between two 
pulses varied. These measurements utilized the 
confocal arrangement with oil immersion and in-
tensities of 106 W /cm2 . The repetition rate was 
10 kHz. The results are shown in Fig.5(a). In the 
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FIG. 5: Emission response to a double light p ulse (a) 
The emission is shown with various delays between 
the two pulses. The responses for the first pulses all 
overlap whereas the second pulse is delayed by the 
dark period. The peak associated with the second 
pulse recovers wit h the dark period and the height 
of this pulse is p lot ted in (b ) as a function of the du-
ration in the dark. The dashed curve illustrates the 
response for a 0.3 µs recovery rate. T he repetition 
rate of the pulse pair was 10 kHz. The intensity of 
the excitation was 3 x 106 W /cm 2 . 
figure the response associated with the first pulse 
of every pair is overlapped whereas t he emission 
associated with the second pulse is displaced as 
the delay between the pulses is varied. Every 
pulse exhibits an initial peak followed by a decay 
within a µs to a lower level. For the first pulse the 
peak height is 1/3 that of the equilibrium signal. 
When the light is gated off a period in the dark is 
required before t he second pulse gives a peak and 
the peak height increases as the dark period is in-
creased. This recovery has two components and 
the faster recovery is shown to have a response 
time of 0.3 µs (Fig.5(b)). There is a slower re-
covery over the lOOµs between pulses and we will 
comment on this slower recovery later. 
For the second series of measurements t he 
emission is obt ained for a pulse pair of lµs du-
ration separated by l µs but with long delays be-
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FIG. 6: Emission of the N-V center for a pair of 
square wave excitation pulse of light at 532 nm. The 
light is focused with a microscope objective and for 
100 mW the intensity is 2 x 106 W / cm2 The back 
scattered emission is detected using a (a) 700 nm 
Jong pass filter, (b) 100 nm band pass filter at 590 
nm. 
tween the pulse pairs. The measurements were 
made using the alternate geometry where the 
excitation and detection involved a larger but 
less well defined volume. The period between 
pairs ( > 10 ms) was chosen to be much larger 
than ground state spin-lattice relaxation time, 
T1 (1 ms). The intention is for the system to 
be unpolarized at the start of the first pulse but 
polarized at the start of the second pulse. Fig. 
6(a) shows the results of the emission response 
for pulse pairs for laser powers from 5 mW to 
200 mW corresponding to estimated intensities 
of 105 W/cm2 to 4 x 106 W/cm2. The emission 
is restricted to longer wavelengths (> 700 nm) 
to avoid including emission from [N-V]0 centers. 
The emission of the [N-V] 0 center by itself was 
also obtained by detecting the emission at 590 
nm using a narrow band filter. This emission is 
shown in Fig.6(b). 
The responses in Fig.6(a) show peaks at the 
start of each pulse and the magnitude increases 
with intensity. The peak height of the second 
pulse is consistently several percent lower than 
that of the first. Also the decay rates are differ-
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FIG. 7: Emission of the N-V center for a pair of 
square wave excitation pulses of light at 532 nm with 
laser intensity of 100 mW. No magnetic fie ld is ap-
plied in the case of the upper trace and corresponds 
to the 100 mW trace in Fig 6. For the lower trace 
a fie ld of 500 gauss is applied in a random direction 
(not aligned with an axis of any center). 
ent for the two pulses, the first being faster than 
the second. 
The effect of applying a weak magnetic field of 
a few hundred gauss was also recorded. The re-
sponse to a pair of intense (100 mW) excitation 
pulses at 532 nm were measured both with and 
without the magnetic field applied in a random 
direction (Fig. 7). In comparing the two traces 
there are three significant differences. The first 
emission peak is almost the same for the two 
traces but the subsequent decay is to a much 
lower level when the magnetic field is applied. 
With the second pulse there is a significant dif-
ference in t he peak heights, being lower with the 
field is applied. Also with the second pulse the 
decay to the lower level is faster when the mag-
netic field is applied. 
IV. RELAXATION AND 
INTER-SYSTEM DECAY RATES 
The dynamics scale with the lifetime of the ex-
cited state and various values have been reported 

in the literature. Collins et al [36] have obtained 
values of 12.9 ± 0.1 ns for a natural diamond 
and 11.6 ± 0.1 ns for a synthetic diamond. Lenef 
et.al. [20] has also obtained a measure of 12.96 
± 0.14 ns obtained in relation to photon echo 
measurements. A value of T = 13 ns is adopted 
here. T he radiative rate constants are, hence, 
kx'x = ky'y = k z'z = 77 x 106 s- 1 . (The present 
experiments are not sensitive to the dashed ver-
tical transitions in Fig.2 between the x, x ' and 
t he y, y' states and the associated rate const ants 
can be taken to be zero, ie k xy' = kyx' = 0). It 
is noted that the present model indicates that 
t here should be two components to the emission 
decay associated with excited states, one with z' 
and one with x ',y '. The emission from z' excited 
stat e has the slower decay rate and dominates 
when the system is spin polarized, perhaps ex-
plaining why the two values (differing by only 
303) have not been detected. Two components 
of 9 ns and 2 ns have been observed by Hanzana 
et al [37] bnt the measurements are inconsist ent 
with previous values and require further investi-
gat ions. 
The increase in emission from a level A to a 
level B can be used t o establish t he fraction of 
the population transferring into the singlet. For 
example the 143 emission change between hav-
ing all the population in the z spin ground state 
and having the population evenly distributed be-
tween the three spin states implies 27 3 of the 
population from each of the x', y' excited spin 
states transferring non-radiatively to the singlet, 
s. This has to b e increased to 393 to allow for 
the incomplete spin polarization reported below. 
The inter-system crossing rates are then kx' s = 
k y' s = 30 x 106 s-1. In correspondence with the 
model, the inter-system crossing from the z' state 
to the singlet is taken to be zero and, hence, kz' s 
= 0. 
For the low intensities no population is main-
tained in the singlet. This is changed at high 
intensities and the transient emission displays 
different characteristics. With population being 
stored in the singlet level there is a drop in emis-
sion and this is observed in all of the two-pulse 
experiments (Figs.5, 6 and 7). T here will be no 
initial peak if the excitation is gated on and off 
within a few ns as there will be no change in the 
singlet population. The recovery of the peak re-
quires a period in the dark (Fig.5) and t he time 
required corresponds to the rate at which pop-
ulation decays from the singlet to the ground 
state. The value of the singlet lifetime obtained 
from this peak recovery is 0.3 µs and this gives 
ksz = 3.3 x 106 s-1. As in the model we take ksx 
= ksy = 0. 
In a recent paper we have reported that t he 
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maximum spin polarization obtained for an en-
semble under cont inuous excitation is 803 [38]. 
This means that t he probability of optically 
transferr ing spin proj ection from t he z spin state 
to an x , y spin is 1/ 4 of the above process giv-
ing rise to the spin polarization. The mechanism 
is attributed t o the non-spin conserving optical 
transitions (diagonal arrows between tr iplet lev-
els in Fig 2) and implies that t he rate constants 
are kzx' = kzy' = kx' z = k y' z = 1.5 x 106 s-1 . 
Loss of spin polarization could also arise from 
the reverse inter-system crossing via t he singlet 
level. However, the model predicts t hat t he rate 
is zero, kz' 8 = 0 and as given previous the decay 
from t he singlet t o the x and y ground stat es are 
also zero. 
V . RATE EQU ATIONS 
In the previous section estimat es of the pa-
rameters of the model in Fig.2 have been ob-
tained from simple experimental observations. 
By adopting these parameters we can determine 
the populat ions and t he emission for any optical 
field by solving t he classical rate equations: 
dni/ dt = :E1 (k1i nj - kij ni) 
where ni is the population of level i (i = z, 
x , y, z', x ', y', s) . and kiJ gives the rate for 
the i -+ j transition. The significant paramet ers 
associated wit h the opt ical t ransit ions are: 
(kz'z > kx1 x , ky1 y), (kx' zo ky1 z 1 kz'x> kz'zy ), (kx'y' 
ky1x) 
where the values within brackets are equal in 
first order. The related optically driven t erms 
are obtained by sett ing k ij = k . kji where k 
indicates the strength of the optical pumping. k 
= 1 corresponds to the case where t he optical 
pumping rate of t he allowed transitions equals 
the emission decay rates. The int er-system cross-
ings are determined by the rates: 
(kz' 8 ) , (kx1 s , ky ' s) , (ksz), (ksxi ksy) 
There are no reverse terms associated with the 
inter-syst em crossing and, hence, the related pa-
rameters with the indices reversed are zero. Like-
wise all the relaxation rates between the spin lev-
els z, x and y and between levels z', x' and y' are 
small. These parameters can be considered equal 
and given a small value but the effects are not 
significant in the calculat ed responses. 
Where a sample has been in the dark for ape-
riod long compared to the spin-lattice relaxation 
time the pop ulation will initially be equally dis-
tributed over the three ground st ate spin levels, 
z, x and y. Emission is established in a t ime 
of the order of the excited st ate lifetime of 10 -
20 ns and with continuing excitation the emis-
sion level increases as population is transferred 
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FIG. 8: Emission calculated from solution of the rate 
equation for energy scheme in Fig 2. The intensities 
k are given in units of l/r. The value of the param-
eters in units of 106 s-1 introduced in the text are 
ku' = k:c:c' = kyy' = 77; k sz = 3.3, ks:c = ksy = O; 
kz's = O; k:c's = ky's = 30; kz:c' = k zy' = k:i:z' = kyz' 
= 1.5 
to the z state (Fig.8). This behavior is in cor-
respondence with observation (Fig-4). However, 
little significance can be drawn as there has not 
been an independent measurement of the optical 
pumping rate and the magnitude of the rise in 
Fig-4 has been used in determining the parame-
ters of the system. 
Other than the optical pumping rate there are 
no free parameters when calculating the emission 
associated with the dual pulses experiments. In 
these experiments the intensities are high and 
the transfer of population into the singlet level 
is initially faster than the relaxation from the 
singlet to the ground state. Consequently there 
is a build up of singlet population and associ-
ated with this there is a drop in the emission 
level. The situation is calculated for a light field 
switched on and held constant for lµs, switched 
off for 1µ and then switched on again for a fur-
ther lµs. With the intense excitation the system 
reaches equilibrium during the lµs pulse and so 
is spin polarized well before the end of the first 
pulse. In the dark period there is a relaxation of 
the singlet population but there is no loss in spin-
polarization. The result is that for the second 
light pulse the system starts spin polarized with 
a preferential population in the z spin ground 
state. In this case the transfer to the singlet is 
less efficient and the build up of population in 
the singlet level is slower. This accounts for the 
observed slower drop in emission intensity with 
the second pulse. The behavior for representa-
tive intensities are shown Fig 9. 
The results of the calculations can be com-
pared with the experimental measurements of 
Fig 6. It should be recognized that the calcu-
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FIG. 9: (a) Emission predicted from the solution of 
the rate equations for a pair of excitation pulses. The 
emission is shown for various excitation intensities k 
shown on the right in units of 1/r. The value of the 
parameters are given in the text and summarized in 
the ca ption of Fig 8. 
lations are for a simpler situation than realized 
experimentally. The calculations are for an en-
semble of identical centers with identical opti-
cal pumping rates whereas the experiment in-
volves four orientations and variation in the op-
tical pumping rates. The consequence of t hese 
factors can be approximated by adding a square 
wave emission respouse to the calculated emis-
sion response before comparing with experiment. 
The structured component of the response ( the 
"peak" ) will then represent a smaller fraction of 
each pulse. Another important considerat ion is 
that photo-ionization has not been included. In 
the calculations t he peak of the second pulse is 
stronger than t hat of the firs t whereas it is the re-
verse in t he experiment. The difference is due to 
photo-ionization. Photo-ionization causes there 
to be a reduction in the number of N-V centers 
during the first pulse (giving small alteration to 
the slope). The recovery is slow and there is no 
recovery during the short dark period. Hence, 
the number of centers involved is larger at the 
start of the first pulse than at the start of t he 
second pulse. When allowing for these factors 
and recognizing that t he parameters have been 
determined from independent measurements t he 
correspondence between the calculated responses 
in Fig.9 and equivalent experimental traces in 
Fig.6 are very satisfactory. 

VI. MAGNETIC FIELD CALCULATION 
A magnetic field other t han along the trigo-
nal axis causes mixing of the spin states [15] and 
consequently with a randomly oriented field the 
populations are not associated with separate z, 
x and y states. The effect can be approximated 
by retaining equal populations in the three spin 
projections and the result of doing this is shown 
in Fig 10. The upper trace gives the response in 
the absence of a magnetic field and is the same 
as in the previous section with k = 1. For the 
lower trace the populations in the three ground 
spin states are equalized. When this is done to 
approximate the effect of a magnetic field, there 
is no spin polarization and the responses are the 
same for the two pulses. With the field applied 
there continues to be optical excitation from the 
x, y state and more efficient transfer into the 
singlet level. The result is that the equilibrium 
population in the singlet level is higher and less 
centers contribute to the emission. The final 
emission is lower and this is what is observed. 
It should be noted that equivalent effects can be 
obtained by applying resonant microwave fields 
to maintain population in the x, y states. At 
high intensities the drop in equilibrium emission 
level caused by the microwave field can be much 
larger [39] than the 14% obtained at low intensi-
ties. This is due to the change of the population 
stored in the singlet level. 
In comparing the responses with and with-
out an applied magnetic field it can be observed 
that there is a variation in the magnitude of the 
peaks. The peak in the emission associated with 
the first pulse is similar with and without field. 
However, the magnitudes associated with the 
second pulse are very different. As discussed pre-
viously, the difference in peak heights between 
first and second pulses is due to photo-ionization 
varying the number of centers. A smaller second 
peak indicates that the magnetic field has caused 
an increase in the photo-ionization. This can be 
attributed to the field increasing the population 
in the excited states (excited triplet plus singlet) 
and the ionization being out of these states. It 
is desirable to establish whether the ionization 
occurs through tunnelling out of these states or 
is light induced. This requires further investiga-
tion. 
VII. COMPARISON WITH OTHER 
WORK 
There have been many publications referring 
to the singlet level in the N-V center and many 
of these publications give information t hat is in 
c:: 
0 
"(i) 
.~ 
E 
UJ 
0.8 
0.6 
0.4 
0.2 
0.8 
0.6 
0.4 
0.2 
(a) zero field 
I ~ - - - \ 
~- \ \ 
I 
' 
0 0.5 
(b) weak field 
,.. - - - I 
I I 
\ 
\ 
\ 
0 0.5 
10 
~---
I 
..._ 
I 
'-. 
-
1.5 2 2.5 3 
Singlet population 
' ..._ 
1.5 2 
I 
I 
I 
Emission 
2.5 3 
Time µs 
FIG. 10: Emission predicted from solutions of rate 
equations illustrating effect of an applied magnetic 
field. T he solid line in the upper trace shows the 
emission of system determined from solution of rate 
equations for energy scheme as shown in Fig 2. The 
dashed line indicates the variation in population of 
singlet level. For the lower trace the three ground 
states are mixed, effectively maintaining equal pop-
ulation in the three spin projections. The excitation 
rate is k = 1 in units of l /T. The value of the pa-
rameters are given in the text and summarized in the 
caption of Fig 8. 
conflict with t he current model. The disparities 
are discussed below. 
In this work it is shown that the singlet has a 
short lifetime of 0.3 µs . This contra to t he value 
of 0.275 s given when an intermediate 1 A singlet 
was first proposed. Redman et.al. [18] suggested 
that a long lived electronic state could account 
for a 1.2 Hz resonance observed in near degener-
ate 4-wave mixing. However, it was recognized 
that the narrow resonance could be associated 
with a long lived spin, rather than electronic, 
state and a spin-lattice relaxation time of 0.275 
s is quite realistic for N-V centers in diamond. 
Should the resonance be reassigned to the spin 
state then t heir data can be explained without 
invoking a long lived singlet state. This would 
then be consistent with the present model. 
The presence of a long lived singlet has also 
been adopted to account for t he loss of emission 

from single centers as the temperature is lowered 
[2, 3]. The emission is from t he excited state, but 
it was considered that there could also be decay 
to a long lived dark state. Some of the emission 
would be lost unless there was back transfer from 
the dark state. Assuming this back transfer is 
thermal it would be less efficient as temperature 
is lowered and there would be an associated loss 
in emission intensity. The experiments involved 
exciting single centers using wavelengths within 
the zero-phonon line but , shonld the above expla-
nation be correct, there would be an equivalent 
loss with excitation within the vibronic band. 
This is not the case as there is little change in 
emission intensity with a lowering of temperature 
(see F ig.3). The more likely explanation is that 
the loss is associated with spectral hole-burning. 
There are a range of processes (change of spin 
state, re-orientation of center or movement of 
charge in the neighborhood of the center) which 
can shift the absorption frequencies of individ-
ual centers and cause a decrease of absorption 
at the fixed laser frequency. This will result in 
loss of emission which will become pronounced as 
the homogeneous line width of the zero-phonon 
line decreases with decreasing temperature. Ac-
counting for the loss of emission as due to hole-
burning means that other conclusions have to be 
modified. For example, if the loss of emission 
with temperature is not associated with a sin-
glet level the data cannot be used to give infor-
mation about t he position of any levels [3, 40]. 
In the present model there is a singlet and there 
is decay into this singlet. However, back trans-
fer is not an issue. Because of the short lifetime 
when the excitation is weak there is negligible 
population in the singlet that can be involved in 
back transfer. When the intensity of excitat ion is 
high and an average populat ion is retained in the 
singlet there could be back transfer. However, 
the behavior of the system has been satisfacto-
rily modelled neglecting back transfer and so it 
is not a processes essential for understanding the 
dynamics of the system. 
In association with back transfer from the sin-
glet to the 3E state it is often assumed that 
there is no decay from the singlet to the ground 
state [4, 5]. In this case the spin polarization 
would have to arises through the back transfer 
and be strongly temperature dependent. This is 
not what is observed. Spin polarization occurs 
from liquid helium temperatures to room tem-
peratures and in the original measurements of 
spin polarization Loubser and van Wyk [15] have 
shown that the polarization is maintained to 500 
K. Another more important issue is accounting 
for how the spin polarization could arise through 
a thermal back transfer process. No details have 
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been presented as to how t his could b e achieved. 
This is in contrast with the present model where, 
rather than back transfer, there is decay from the 
singlet direct to the ground state. With the de-
cay channels proposed one can readily account 
for the spin polarization. It can be conclnded 
that the N-V center can be understood without 
back transfer playing a role. 
It is not ed that the analysis of the phot on 
statistics associated with emissiou from single 
N-V centers [2- 5, 30] has assnmed that either 
there is significant singlet-tr iplet back transfer 
or a long lived singlet state (or both ). Conse-
quently t he parameters reported are inconsistent 
with the values obtained here. Such measure-
ments need to be re-analyzed using t he present 
model and consideration given to possible con-
tributions of photo-ionization effects. 
The notat ion for the electronic states and rate 
parameters was deliberately chosen to facilitate 
comparison with those given by Wrachtrnp and 
co-workers at University of Stuttgart and at the 
National Academy of Sciences of Belarus. They 
have presented an exciting range of single site 
measurements demonstrating aspects of quan-
tum computing [7- 11, 30, 31, 42, 43]. In t heir 
model of the center they have considered that 
spin is a good quantum number and spin-orbit 
interaction is neglected so t hat all optical t ransi-
tions conserve t he spin project ion. However, the 
justification for the very weak spin-orbit inter-
action is based on other work [27] where use is 
made of a high symmetry commutation relation-
ship not valid in t he present system. Therefore, 
it is doubt ful t hat spin-orbit can be neglected 
and in t he present model it is found to play a 
role in accounting for experimental data. Never-
theless the energy level diagram and t he selection 
rules they have adopted are similar t o that ob-
tained here in our case of low symmetry. There 
are similarities in the values of some of t he pa-
rameters. For example, we have determined tha t 
the rate constant for inter-system crossing from 
the excited x',y' states to t he singlets has a value 
of kx's = k y' s = 0.39 x 1/r. This is in good cor-
respondence wit h a value of 0.5 x l /T given by 
Nizovtsev et.al. [31]. They have also proposed 
that there is much slower transfer from the 3 E z' 
state to the singlet and we agree with t his con-
clusion. They have given a value of kz' 8 = 0.02 x 
106 s- 1 . In our model it is considered to be zero 
but a small value such as they have given does 
not change the behavior of the system. There 
is, therefore, reasonable agreement for the pop-
ulating of t he singlet level. However, there is 
little correspondence for transfer out of the sin-
glet level and the situation is confused. Part of 
the difficulty arises from taking t he singlet to 

have the long 0.275 s lifetime and neglecting de-
cay from the singlet direct to the ground state 
[31]. The transfer out of the singlet giving rise 
to the spin polarization has then to be through 
thermal back transfer to the excited triplet plus 
optically driven processes presumably involving 
higher excited state levels. This latter process is 
inconsistent with the observation that the spin 
polarization is linear [23, 41]. Also to fit exper-
imental data optically driven transfer from the 
triplet to the singlet has been included. As there 
are no such processes in our model there can be 
no comparison with the parameters given. 
In other work [9, 29, 30, 43) direct transfer 
from the singlet to the ground state is indicated 
and it is considered that the spin polarization can 
arise in this way. Mention has also been made of 
the singlet having a short lifetime [43]. There 
is then good correspondence with the present 
model although parameters have not been given 
to enable a detailed comparison. There has been 
a focus on accounting for a single sharp zero-
phonon line in the excitation spectrum of a single 
N-V center. This is a very significant observation 
as it is crucial for the use of the N-V center for 
many quantum information processing applica-
tions. Detection requires there to be a transi-
tion that cycles without change of spin projec-
tion and their observation indicates that the z 
+-+ z' transition can cycle rvlOO,OOOx. This is in 
contrast to that indicated by our model where 
with present parameters the cycling of the z +-+ 
z' transition would be limited to rv50x on av-
erage. In the model the cycling is limited by 
the non-spin-conserving optical transitions and, 
as noted earlier, the strength of these transi-
tions vary significantly with strain. They de-
pend on the separation of Sz and (Sx, Sy ) spin 
levels in the excited state and the separation 
varies from rvl GHz with strain to rv30 GHz 
without strain. Therefore, there can be a fac-
tor of 30x variation in the mixing and a rv 103 
variation in strength of the transitions between 
centers at strained and non-strained sites. Our 
ensemble based measurements favor the strained 
situation and so our parameters correspond to 
those for a center in a large strain field. Much 
larger 50,000x cycling could be expected for cen-
ters with minimal strain and as this is reasonably 
consistent with their observations it is concluded 
that their experiments are likely to involve sites 
with low strain. With this interpretation our 
model is valid though it must be appreciated that 
the strength of the non-spin-conserving transi-
tions vary significantly from site to site and the 
value we give is for an ensemble average favoring 
strained sites. 
Loss of cycling implies there is hole burning 
12 
and hole burning will, therefore, favor strained 
sites for which the non-spin-conserving optical 
transitions are stronger. As strain also shifts the 
position of the zero-phonon line it is expected 
that hole burning will be associated with sites 
away from the center of the zero-phonon line. 
This is in general what has been reported. For 
the opposite situation to have cycling requires 
less strained sites and these are likely to have 
frequencies close to the center of the inhomo-
geneously broadened zero-phonon line. This is 
what is reported where single sites have only 
been observed for a narrow band of frequencies 
near the line center. The difference in the sites 
selected by hole-burning and single center experi-
ments have been identified previously [2) and t his 
work provides some insight as to the origin of the 
variation. 
The conditions for the observation of zero-
phonon lines are restrictive. Clearly it requires 
the strain to be small but as yet there is no 
knowledge as to how a quantitative measure can 
be made. From the model it can be seen that 
it requires very little mixing of the spin states 
to affect the detection. For example, transverse 
magnetic fields of only a few gauss are sufficient 
to reduce the reported cycling and degrade the 
detection efficiency. On the other hand the varia-
tion of properties site to site is an exciting aspect 
as it may enable sites to be obtained with specific 
properties and this work will allow us to antic-
ipate what properties might be achievable. For 
example, it is straightforward t o see how it is pos-
sible to obtain sites with a A configuration. The 
intention would be to identify properties that are 
well matched to particular applications. 
VIII. CONCLUSION 
In this work group theoretical considerations 
have been used to account for the states of the 
N-V center, for the optical transit ions and for 
the inter-system crossing. The account leads 
to a seven level model where the dynamics are 
dominated by four rate constants. These four 
rate constants are determined from experimen-
tal measurements and it is shown that wit h t hese 
values the model gives very good correspondence 
with experimental measurements of ensembles. 
The comparison between theory and experiment 
is not fully quantitative but the agreement is suf-
ficient to give confidence in the appropriateness 
of the model. A good physical understanding of 
the response of the center to optical excitation is 
obtained and the significance is that the model 
provides a basis for the development of N-V cen-
ter applications and for strategies to target the 

significant parameters. 
IX. ACKNOWLEDGEMENTS 
The above work has been supported by a 
DARPA QuIST grant through Texas Engineer-
[1] A. Gruber, A. Drabenstedt, C. Tietz, L. Fleury, 
J. Wrachtrup and C. von Borczyskowski, Sci-
ence 276, 2012-2014 (1997) 
[2] A. Drabenstedt, C. Tietz, J Jelezko, J. 
Wrachtrup, S. Kilin and A. Nizovtzev, Acta 
Physica Polonica A, 96, 664-674 (1999) 
[3] A. Drabenstedt, L.Fleury, C. Tietz, J Jelezko, 
S. Kilin, A. Nizovtzev and J. Wrachtrup, Phys. 
Rev. B, 60, 11503-11508 (1999) 
[4] C. Kurtsiefer, S. Mayer, P. Zarda, I-I. Wein-
furter, Phys. Rev. Lett. 85, 290-293 (2000) 
[5] R. Brouri, A. Beveratos, J-Poizat, and Philippe 
Gragier, Opt. Lett. 25,1294-1296 (2000); A Bev-
eratos, S. Kuhn, R. Brouri, T. Gacoin, J-P. 
Poizat and P. Grangier, Eur. Phys. J. D 18 191-
196 (2002); A. Beveratos, R. Brouri, T. Gacoin, 
J-P. Poizat and P. Grangier, Phys. Rev. A, 64, 
061802(R) (2002) 
[6] A. Beveratos, R. Brouri, T. Gacoin,A. Villing, 
J-P. Poizat, P. Grangier, arXiv:Qant-ph 
206136lvl 
[7] J. Wrachtrup, S. Ya. Kilin and A. P. Nizovtsev, 
Optics Spectroscopy, 91, 429-437 (2001) 
[8] F Jelezko, I. Popa, A. Gruber, C. Tietz, J. 
Wrachtrup, A. Nizovtsev, S. Kilin, Appl. Phys. 
Lett. 81 2160-2162 (2002) 
[9] F. Jelezko, T. Gaebel, I. Popa, M. Domhan, 
A. Gruber, J. Wrachtrup, Phys. Rev. Lett. 93 
130501 (2004) 
[10] F. Jelezko, J. Wrachtrup, J. Phys: Condens. 
Matter 16 R1089-1104 (2004) 
[11] F . Jelezko, T. Gaebel, I. Popa, A. Gruber, J. 
Wrachtrup, Phys. Rev. Lett., 92 076401 (2004) 
[12] L. du Preez, Thesis, University of t he Witwa-
tersrand, Johannesburg (1965) 
[13] G. Davies and M. F. Hamer, Proc. R. Soc. Lond. 
A 348, 285-298 (1976) 
[14] J. W. Steeds, S. Charles, T. J. Davis, A. 
Gilmore, J. Hayes, D. Pickford, J. E. Pickford, 
Diamond Rel. Mater., 8, 94-100 (1999) 
[15] J. I-1. I-1. Loubser and J. A. van Wyk, Diamond 
Research 1, 11-15 (1977) 
[16] N. R. S. Reddy, N. B. Manson and C. Wei, J. of 
Luminescence 38, 46-47 (1987) 
[17] Evan Oort, N. B. Manson and M. Glasbeek, J. 
Phys. C: Solid State Phys. 21 4385-4391 (1988) 
[18] D. A. Redman, S. Brown, R. H. Sands and S. 
C. Rand, Phys. Rev. Lett. 67, 3420-3423 (1991) 
[19] N. B. Manson, P. T. I-I. Fisk and X. -F. He, 
Appl. Magn. Reson. 3 999-1019 (1992) 
[20] A. Lenef, S. W. Brown, D. A. Redman, S. C. 
Rand, J. Shigley and E. Fritsch, Phys. Rev. 
13 
ing Experimental Station and by Australian De-
fence Science and Technology Organization. The 
authors thank Professors Philip Hemmer (Texas 
A&M University) and Fedor Jelezko (University 
of Stuttgart) for useful discussions. 
B, 53, 13427-13455 (1996); A. Lenef and S. C . 
Rand, Phys. Rev., 53, 13441-13454 (1996) 
[21] J.P. Goss, R. Jones, P. R. Briddon, G. Davies, 
A. T. Collins, A. Mainwood, J. A. van Wyk, J. 
M. Baker, M. E. Newton, A. M. Stoneham and 
S. C. Lawson, Phys. Rev. B, 56, 16031-16032 
(1997); A. Lenef and S. C . Rand, Phys. Rev. B, 
56 16033-16034 (1997) 
[22] C. A. Coulson and M. J. Kersley, Proc. R. Soc. 
London, A, 241, 433 (1957) 
[23] J.P. Harrison, M. J. Sellars and N . B. Manson, 
J Luminescence, 107 245-248 (2004) 
[24] R. T. Harley, M. J . Henderson, and R. M. Mac-
farlane, J Phys. C:Solid State Phys., 17, L233-
L236 (1984) 
[25] D. Redman, S. Brown and S. C. Rand, J. Opt. 
Soc. Am. B, 9, 768-774 (1992) 
[26] N. B. rvianson and C. Wei, J . of Luminescence, 
58, 158-160 (1994) 
[27] J. P. D. Martin, J of Luminescence 81 237-247 
(1999) 
[28] J.P. Goss, R. Jones, S. J. Breuer, P.R. Briddon 
and S. Oberg, Phys. Rev. Lett. 77, 3041-3044 
(1996) 
[29] A. P. Nizovtsev, S. Ya. Kilin, F. Jelezko, I. Popa, 
A. Gruber and J. Wrachtrup, Physica B 340-
342, 106-110 (2003) 
[30] A. P. Nizovtsev, S. Ya. Kilin, F. Jelezko, I. Popa, 
A. Gruber, C . Tietz and J. Wracht rup, Optics 
and Spectroscopy 94, 848-858 (2003) 
[31] A. P. Nizovtsev, S. Ya. Kilin, F. Jelezko, T. 
Gaelbal, I. Popa, A. Gruber and J. Wrachtrup, 
Optics and Spectroscopy 99, 233-244 (2005) 
[32] G. Davies, J . Phys. C: Solid State Phys., 7, 
3797-3809 (1974) 
[33] N. B. Manson, J. P. Harrison, Diamond Rel 
Mater., 14, 1705-1710 (2005) 
[34] T. Gaebel, M. Domhan, C. Wittmann, I Popa, 
F. Jelezko, J. Rabeau, A. Greentree, S. P rawer, 
E. Trajkov, P. R. Hemmer and J. Wrachtrup, 
Appl. Phys. B DOI: 10.1007 /s00340-005-2056-2 
(2005) 
[35] G. Davies, J. Phys. C: Solid State Phys., 12, 
2551-2566 (1979) 
[36] A. T. Collins, M. F . Thomaz and M. I. B. Jorge, 
J. Phys. C: Solid State Phys., 16 2177-2181 
(1983) 
[37] H. Hanzana, Y. Nisida, T. Kato, Diamond Rel. 
Mater., 6 1595-1598 (1997) 
[38] J. Harrison, M. J. Sellars and N. B. Manson, 
Diamond and Rel. Mater . (2005) to be published 
[39] F. J elezko, private communication. 

[40) F. Jelezko, T. Tietz, A. Gruber, I. Popa, A. Ni-
zovtsev, S. Kilin and J Wrachtrup, Single Mo!. 
2 255-260 (2001) 
[41) I. Hiromitsu, J. Westra and M. Glasbeek, Phys. 
Rev. B, 46, 10600-10612 (1992) 
[42) I. Popa, T. Gaebel, M. Domhan, C. Wittmann, 
14 
F. Jelezko and J . Wracht rup , arXiv:quant -
ph/ 0409067 (2004) 
[43) J. Wrachtrup and F. Jelezko, arXiv:quant-
ph/ 0510152 (2005) 

